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ABSTRACT

Author: Godfrey, Amy Elizabeth, Ph.D.
Institution: Purdue University
Degree Received: December 2017
Title: Endocrine Disrupting Effects of Halogenated Chemicals on Fish
Major Professor: Maria S. Sepúlveda
Halogenated chemicals are commonly used in a variety of everyday products such as
cookware, electronics, furniture and baby products. Some of these chemicals have been found to
negatively affect development and endocrine disruption. Therefore, there is a need for the
development of next generation replacements that are less toxic; however, more studies need to
be conducted to ensure their safety. The main objective of this dissertation was to assess the
endocrine disrupting potential of halogenated and next generation chemicals, singly and in
mixtures, in fish. We tested three well studied halogens, perfluorooctanoic acid (PFOA), tris
(1,3-dichloro-2-propyl) phosphate (TDCPP) and tetrabromobisphenal A (TBBPA), and two lessstudied next generation chemicals, 9,10-Dihydro-9-oxa-10-phosphaphenanthrene 10-oxide
(DOPO) and perfluorobutyric acid (PFBA). We used zebrafish (Danio rerio) and Japanese
medaka (Oryzias latipes) as models to evaluate the toxicity of these chemicals in mixtures as
well as their individual endocrine disrupting potential, looking specifically at thyroid and
estrogen disruption. Using zebrafish embryos, we first identified the lethal concentration (LC50)
under 96 hour exposures. Chemical LC50 values ranged from 1.3-13,795 ppm. Next, we tested
the toxicity of tertiary mixtures containing the estimated LC50 values for each chemical. We
found that chemicals within these mixtures displayed concentration addition suggesting a similar
mode of toxic action. Importantly, next generation chemicals were between 5 to 760 times less
acutely toxic singly and in mixtures than their first generation counterpart. Next, we evaluated
the potential thyroid disruption of old use and next generation halogenated chemicals by using
thyroid induced swim bladder development and thyroid related gene expression as endpoints in
zebrafish larvae and juveniles. Zebrafish embryos were exposed to three old use compounds
(PFOA, TBBPA and TDCPP) and two next generation chemicals (DOPO and PFBA). Subchronic (0 to 6 days post fertilization (dpf)) and chronic (0 to 28 dpf) exposures were conducted
at 1% of the concentration known to kill 50% (LC50) of the population. At 6 dpf, zebrafish

xiv
exposed to all halogenated chemicals, both old use and next generation, had smaller posterior
swim bladder and increased expression in thyroid peroxidase, tpo and two swim bladder
surfactant proteins, sp-a and sp-c. These results mirrored the effects of thyroid hormone exposed
positive controls. Fish exposed to a TPO inhibitor (methimazole, MMI) had a decrease in tpo
expression levels at 28 dpf. Effects on the anterior swim bladder at 28 dpf, after exposure to
MMI as well as both old and new halogenated chemicals, were the same, i.e., absence of SB in
~50% of fish, which were also of smaller body size. Finally, we assessed sex differences of
halogenated compounds for thyroid and estrogenic disruption. Japanese medaka (strain SK2MC)
are an excellent model for these studies since sex can be determined non-destructively a few
hours post fertilization. Medaka embryos were exposed to TDCPP, PFOA and its next generation
alternative PFBA. A negative water control was tested along with the reference chemicals MMI
and T3. Fish were exposed to sublethal concentrations, TDCPP (0.019 ppm), PFOA (4.7 ppm)
and PFBA (137 ppm), throughout embryo development until 48 hours post hatch. Changes in
swim bladder surface area and in expression levels of thyroid and estrogenic related genes were
quantified. There were no effects on swim bladder surface area in males; however, an
upregulation of estrogenic related genes was observed after exposure to TDCPP, PFOA and
MMI. Females displayed significantly larger swim bladders after exposure to all chemicals with
exception of T3 which caused the opposite effect. Females exposed to TDCPP and PFOA had
increased expression of vitellogenin and exposure to PFOA upregulated expression of multiple
thyroid related genes. Overall our results suggest that males have increased expression of
estrogenic genes when exposed to these halogenated chemicals and females are more susceptible
to thyroid induced swim bladder dysfunction. These results are important as they stress the
importance of sex when assessing the endocrine disrupting potential of chemicals. All in all, our
results support earlier findings that the halogenated chemicals studied act as endocrine disrupting
chemicals, specifically causing disruption to the thyroid and estrogen systems. However, with
the exception of TBBPA and TDCPP, the concentrations tested (~5-137 ppm) are not likely to be
found in the environment. We further show the importance of examining sex-specific endocrine
effects and that Japanese medaka are a better model when assessing endocrine disrupting
chemicals. This work sheds light for the need of next generation chemicals that are hopefully
safer for the environment; however, there is also a need to fully assess the chemicals prior to
production to ensure safety. We found that even the next generation chemicals in this study can
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cause developmental delays and endocrine disruption at early stages in fish. Future studies
should assess the mechanism linking estrogen disruption with swim bladder dysfunction as well
as confirm the compensatory effect of the surfactants on swim bladder dysfunction in both fish
models tested.
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CHAPTER 1. INTRODUCTION

1.1 Halogenated Chemicals
Halogenated chemicals are compounds which contain a halogen such as bromine,
chlorine or fluorine in their structure. They are widely used in a variety of daily-use products
such as electronics, cookware and furniture. A U.S. study found positive correlations between
halogenated chemicals, like flame retardants and per/poly fluorinated compounds, in indoor dust
and adverse health outcomes ranging from developmental effects to cancer (Mitro et al. 2016).
Additionally, these chemicals can persist and bioaccumulate in the environment also increasing
the risk of adverse health effects (Stahl et al. 2011). Throughout their use in history, some of
these halogenated compounds have been deemed too toxic for production. The earliest and best
known example are the polychlorinated biphenyls (PCBs) which were banned in the 1970s after
numerous studies implicated them with several types of adverse health outcomes. After they
were banned, industries began shifting to the use of brominated compounds in their products, but
as will be discussed throughout this dissertation, they are currently facing similar criticisms as
exposure to some compounds currently in the market has also been linked with toxicity.
As more and more chemicals are found to be toxic there has been a global push for the
use of safer chemicals in products. This phenomenon is known as “green chemistry” and the
chemicals associated with it are known as “next generation” chemicals. The goal is to produce
chemicals that have a safer chemical structure. Due to the widespread concern of halogenated
chemicals, such as brominated flame retardants found in electronics, there has been a push for
halogen free products. Therefore, a common method used to try to make chemicals safer is to
eliminate the halogen in the structure; this method is used by the European Union’s ENFIRO
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whose goal is to create safer alternatives to brominated flame retardants (http://www.enfiro.eu/).
Carbon chain lengths of compounds have also been shown to influence toxicity. For example,
four carbon chain perfluorinated compounds have been shown to be less toxic than eight carbon
chain ones (Hagenaars et al. 2010). Regardless, as more potential safer alternative chemicals are
produced, there is a need to assess their potential toxicity.
1.1.1 Assessing Mixture Toxicity of Chemicals
Chemicals in the environment are found in complex mixtures and organisms are rarely
exposed to single contaminants. Therefore, there is a need for assessing the toxicity of
halogenated and next generation chemicals as mixtures. Chemicals can behave in unique ways
when in mixtures. There are numerous chemicals in every product that can interact, as well as
chemicals from other products that can interact together in the disposal process. These chemicals
can leach out of products into the environment and mix together, potentially causing a greater
harm. If chemicals have dissimilar mechanism of action (e.g., they interact differently with an
enzyme or receptor) they are said to exhibit independent action. The latter could result in
inhibition, activation, or antagonism in the toxic response. In contrast, if the mechanism of
toxicity is similar, concentration addition is thought to occur. There are mathematical models to
quantify whether mixtures exhibit concentration addition or independent action (Jonker et al.
2005). Quantitative structure-activity relationship (QSAR), which predicts mixture toxicity based
on the structures and modes of actions of the chemicals involved (Altenburger et al. 2003), is a
common approach for the design and testing of mixtures. Even if a next generation chemical is
deemed a less toxic alternative singly, it needs to be assessed in mixtures in conjunction with
chemicals it may come into contact to assess potential toxic interactions.

3
1.2 Chemicals of Interest
This dissertation focuses on two main classes of halogenated chemicals: flame retardants
and per- and polyfluoroalkyl substances (PFASs). These are major classes of chemicals that
contain numerous compounds with brominated, chlorinated and fluorinated halogens.
Additionally, they are widely used in everyday products.
1.2.1 Flame Retardants
Flame retardants are found most commonly in electronics and furniture. These flame
retardants contain various halogens, but for the purposes of this study we focused on a
representative flame retardant containing bromine (tetrabromobisphenol A, TBBPA) and one
that contains chlorine (tris(1,3-dichloro-2-propyl)phosphate, TDCPP) (Table 1.1). TBBPA is
primarily used in electronics, such as in circuit boards and in polymers. It was first used in
chemical manufacturing in 2000, and by 2001 there was a global demand of 119,700 metric
tons/year (Morose 2006). Furthermore, the U.S. Toxics Release Inventory reported an annual
release of TBBPA into the environment following its first few years of manufacturing (20002003) of 1,528 tons (Morose 2006). There is evidence of persistence and bioaccumulation of
TBBPA in the environment as it has been detected in air, water, soil and in various wildlife
species (Shaw et al. 2010). In humans, the estimated half-life of TBBPA is 3.5 to 76.7 days
(Geyer et al. 2004). The U.S. Environmental Protection Agency (EPA) reported concentrations
of TBBPA in sediment to be between 0.02 to 330,000 ppb dw and concentrations in surface
water to be less than 50 ppb (Versar Incorporated 2015). Numerous studies have also reported
that TBBPA is an immunotoxin, cytotoxin, carcinogen, and endocrine disruptor (Shaw et al.
2010). TBBPA has been shown to decrease T4 as well as increase serum estrogen levels resulting
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in uterine tumors (Lai et al. 2015). Due to the adverse effects of TBBPA, there has been a push
for a safer replacement chemical. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO, Table 1.1) is a next generation flame retardant that has been developed to replace
TBBPA as a potential safer alternative. DOPO contains a phosphate instead of a halogen.
However, almost no toxicity data exists for DOPO.
TDCPP is a chlorinated flame retardant primarily used in furniture and some baby
products. Between 1998-2006, the U.S. produced 4,500 to 22,700 tons of TDCPP (Li et al.
2015). Furthermore, TDCPP has been detected in air, drinking water, waste water effluents and
even in human breast milk (Li et al. 2015). Environmental concentrations range from 2.5 to 377
ppt in China’s waterways and in Sweden TDCPP has been detected as high as 3 ppb in sewage
treatment effluents (Zhu et al. 2015). The half-life of TDCPP is thought to range from hours to
days (Betts 2013). Even though TDCPP is still widely used, it was banned in the 1970s from
children’s pajamas. TDCPP has been linked to developmental negative effects, infertility,
endocrine disruption and neurotoxicity (Wang et al. 2014). It decreases free T4, increases
prolactin and decreases free androgen in men (Meeker and Stapleton 2010). A study also showed
that TDCPP reduced dopamine and serotonin levels in the brains of only female fish (Wang et al.
2014). Despite all of these concerns there has yet to be a suitable next generation chemical
replacement developed to replace TDCPP.
1.2.2 Per- and Polyfluoroalkyl Substances (PFASs)
PFASs contain the halogen fluorine and are commonly found in items from nonstick
cookware to fire-fighting foam. For the purpose of this study we focused on a common PFAS,
perfluorooctanoic acid (PFOA, Table 1.1). The U.S. EPA raised concerns over the persistence,
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bioaccumulation and overall toxicity of PFOA and in turn listed it as an emerging contaminant.
Manufacturers of the chemical agreed to faze PFOA out of production by 2015, but that does not
mean it is not still present in the environment. A recent study by the U.S. Center for Disease
Control (CDC) detected PFOA in more than 98% of human serum samples tested (Calafat et al.
2007). Additionally, PFOA was detected prenatally in the cord plasma of developing human
babies (de Cock et al. 2014). PFOA has been detected in New Jersey’s drinking water at a
concentration of 100 ppt (Post et al. 2013). The half-life of human serum elimination for PFOA
was found to be 3.5 to 3.8 years (Olsen et al. 2007). The U.S. EPA has linked PFOA exposure to
negative effects in development, and different types of cancer to the liver, immune system and
thyroid (Steenland et al. 2010). PFOA has also been linked to liver cancer through its agonistic
activity with the peroxisome proliferator-activated receptor-alpha (PPAR-α); changes in the
expression of this gene has also been identified as a potential mechanism involved in neonatal
development impairment (Lau et al. 2007). Importantly for our work and as discussed in more
detail in the next section, PFOA has been highly associated with thyroid disruption. The next
generation safer alternative to PFOA is perfluorobutanoic acid (PFBA, Table 1.1). PFBA is a
four carbon chain, compared to PFOA being an eight carbon chain; it has been shown that
shorter chain lengths tend to be less toxic (Hagenaars et al. 2010), but little data exists on its
potential endocrine disrupting activity.
1.3 Endocrine Disrupting Chemicals
All of the old use chemicals of interest in this study (TBBPA, TDCPP and PFOA) have
been linked to endocrine disruption. Most of the studies are linked to thyroid disruption, with a
few studies suggesting reproductive and potential estrogen disruption, but the exact mechanism
of endocrine disruption exhibited by these chemicals is unknown. Furthermore, there is a need to
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assess whether the next generation replacements for these halogenated chemicals are also
endocrine disruptors.
1.3.1 Thyroid Disruption
The hypothalamic-pituitary-thyroid (HPT) axis is under tight regulation in order to
maintain proper functioning and regulate metabolism. Normal thyroid hormone synthesis and
regulation is depicted in Figure 1.1. Thyroglobulins in the thyroid gland are precursors to the
thyroid hormones triiodothyronine (T3) and thyroxine (T4). Thyroid peroxidase (TPO) oxidizes
iodide ions to form iodine on thyroglobulin to produce thyroid hormones. Carrier proteins such
as thyroxine-binding globulin (TBG) or transthyretin (TTR) bind and transport the hormones. T4
is converted to the biologically active form of the hormone T3 via deiodinases. T3 then binds to
thyroid receptors influencing a variety of factors in an organism, such as metabolism and
development.
A myriad of factors are involved in regulating the thyroid and any disruption, such as
exposure to chemicals, can result in adverse effects to the organism. Figure 1.2. depicts a
hypothetical adverse outcome pathway (AOP) of thyroid disruption caused by the chemicals
tested in this study. TBBPA has been shown to inhibit binding of T3 to the thyroid hormone
receptor delaying metamorphosis in tadpoles (Kitamura et al. 2005). Brominated flame
retardants, like TBBPA, have also been shown to interfere with T4-TTR binding thus leading to
thyroid dysfunction (Kovarich et al. 2011). PFOA has been shown to directly bind to thyroid
hormone receptors (Ren et al. 2014) and to outcompete T4 for TTR binding, which can lead to
more free T4 and ultimately a decreased production of thyroid hormones (Weiss et al. 2009). In
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zebrafish, Danio rerio, TDCPP resulted in developmental toxicity after an upregulation of
deiodinases coupled with decreased T4 and increased T3 (Wang et al. 2012).
1.3.2 Estrogen Disruption
Under normal conditions, estrogen binds to estrogen receptors which bind to promoter
regions of target genes to regulate their transcription. They can also indirectly regulate genes
through the use of additional transcription factors. Estrogen can bind to membrane receptors as
well to initiate a cascade in order to regulate genes. All of these normal mechanisms are depicted
in Figure 1.3. Estrogen disrupting compounds could mimic the structure of estrogen and
outcompete for binding affecting any of these processes.
The halogenated chemicals of interest have been shown to be estrogenic disruptors.
Figure 1.4. depicts an hypothetical AOP of estrogen disruption caused by the chemicals tested in
this study. A U.S. study detected TDCPP in dust of 96% of houses sampled which was correlated
to decreased semen quality in men (Meeker and Stapleton 2010). TDCPP was shown to increase
estradiol and testosterone levels only in female zebrafish exposed to low concentrations of 4 to
100 ppb as well as decrease egg production (Wang et al. 2015). PFOA was shown to increase
vitellogenin (vtg), a biomarker of egg production in females, as well as directly bind to estrogen
receptors (Benninghoff et al. 2010). PFOA has also been shown to increase vtg as well as
produce oocytes in the testes of male minnows at concentrations of 3 to 30 ppm (Wei et al.
2007). PFOA has been linked to increased estradiol levels and decreased testosterone levels in
rodents and in humans, it has been linked to increased estradiol and testosterone levels in only
men (Steenland et al. 2010).
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1.3.3 Sex Differences after Exposure to Endocrine Disrupting Chemicals
Sex is an important factor when determining the potential toxic effects of endocrine
disrupting chemicals. Males and females require different levels of hormones and regulation,
therefore they can respond differently to the same compound. For example, the American
Thyroid Association has stated that women are five to eight times more likely to have thyroid
problems over men (https://www.thyroid.org/media-main/about-hypothyroidism/). PFOA has
been shown to increase total T3 only in women and is linked to hypothyroidism in women and
hyperthyroidism in men, as defined by the thyroid stimulating hormone (TSH) level clinical
definitions (Wen et al. 2013). Furthermore, women were found to have a higher prevalence of
thyroid disease coupled with higher concentrations of PFASs in their serum compared to men
(Melzer et al. 2010).
1.4 Central Objective and Hypothesis
The central objective of this dissertation was to assess the endocrine disrupting potential
of halogenated and next generation chemicals, singly and in mixtures. The central hypothesis of
this dissertation was that the next generation chemicals would be safer alternatives to the old-use
halogenated chemicals as evidenced by an absence or decreased endocrine disruption.
1.4.1 Acute Mixture Toxicity of Halogenated Chemicals and Their Next Generation
Counterparts on Zebrafish Embryos
The objective of this chapter was to assess the toxicity of known halogenated chemicals
and their next generation counterparts in mixtures. Mixture toxicity is an important factor when
addressing the toxicity of a chemical to determine how it may interact with various chemicals in
the environment. We hypothesized that the chemicals tested would exhibit concentration addition
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due to properties suggesting a similar mode of action. Additionally, we hypothesized that the
next generation chemicals would be less toxic when in mixtures due to modifications in their
structure to make them safer.
1.4.2 Thyroid Disrupting Effects of Halogenated and Next Generation Chemicals on the Swim
Bladder Development of Zebrafish
The objective of this chapter was to assess the thyroid disrupting potential of halogenated
and next generation chemicals. Fish swim bladder development was used as a marker of thyroid
disruption. We hypothesized that old use halogenated chemicals (TBBPA, TDCPP and PFOA)
would exhibit thyroid disruption as displayed by a deflated swim bladder while next generation
chemicals would not alter thyroid induced swim bladder changes. We additionally hypothesized
that old use chemicals would display a decreased expression of surfactant proteins to compensate
a deflated swim bladder phenotype.
1.4.3 Sex Specific Endocrine Disrupting Effects of Halogenated Chemicals in Japanese Medaka
The objective of this chapter was to assess the impact of sex on the thyroid and estrogenic
disrupting potential of halogenated compounds. We used the Japanese medaka (Oryzias latipes)
as the animal model as sex can be determined non-invasively at a very early age. We
hypothesized that females would be more susceptible to thyroid disrupting effects and that the
same compounds would be estrogenic in males.
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Table 1.1: Chemical summary of all chemicals tested. Next generational chemicals are in bold.
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Figure 1.1: Diagram depicting the mechanism of thyroid synthesis and regulation. Figure
adopted from Häggström (2014).
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ADVERSE OUTCOME PATHWAY FOR HALOGENATED CHEMICALS
AFTER A DEVELOPMENTAL EXPOSURE
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Figure 1.2: Adverse outcome pathway for halogenated chemicals suspected of thyroid disruption,
with the structures of common contaminants, perflurooctanoid acid (PFOA),
tetrabromobisphenol A (TBBPA) and tris (1,3-dichloro-2-propyl) phosphate (TDCPP),
illustrated. Competitive inhibition and thyroid receptor interference are commonly cited
mechanisms of toxicity in laboratory studies. TBG =Thyroid Binding Globulin; TTR =
Transthyretin; TR =Thyroid Receptor; T3 =Triiodothyronine; T4 = Thyroxine.
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Figure 1.3: Diagram depicting the mechanisms of estrogen action as well as where estrogenic
endocrine disrupting chemicals act. A-E represents the different mechanisms of estrogen
regulation. Figure adopted from Pinto et al. 2014. EDC =Endocrine Disrupting Chemical; E2 =
Natural Estrogen; ER =Estrogen Receptor; TF =Transcription Factor; P =Phosphorylation.
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ADVERSE OUTCOME PATHWAY FOR HALOGENATED CHEMICALS
AFTER A DEVELOPMENTAL EXPOSURE
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Figure 1.4: Adverse outcome pathway for halogenated chemicals suspected of estrogen
disruption, with the structures of common contaminants, perflurooctanoid acid (PFOA),
tetrabromobisphenol A (TBBPA) and tris (1,3-dichloro-2-propyl) phosphate (TDCPP),
illustrated. Direct binding to estrogen receptors and increased vitellogenin, the precursor to eggs
used as afemale biomarker, are commonly cited mechanisms of toxicity in laboratory studies.
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CHAPTER 2. ACUTE MIXTURE TOXICITY OF HALOGENATED
CHEMICALS AND THEIR NEXT GENERATION COUNTERPARTS ON
ZEBRAFISH EMBRYOS

Reproduced from:
Godfrey, A., A. Abdel-moneim, and M. S. Sepúlveda. 2017. Acute mixture toxicity of
halogenated chemicals and their next generation counterparts on zebrafish embryos.
Chemosphere 181(2017):710-712.

2.1 Abstract
Perfluorinated chemicals and flame retardants are halogenated compounds commonly
used in food packaging and in clothing and electronics, respectively. Due to the hazardous
effects of many of these chemicals, manufacturers are developing next generation potential less
toxic alternatives. The objective of this study was to assess the toxicity of potentially “safer”
alternatives, singly and in mixtures, in relation to their first generation counterparts. We used
zebrafish embryos as our model organism due to its high structural and functional homology to
other vertebrates and its suitability for early developmental studies. We tested three well studied
halogens, perfluorooctanoic acid (PFOA), tris (1,3-dichloro-2-propyl) phosphate (TDCPP) and
tetrabromobisphenal A (TBBPA), and two less-studied next generation chemicals, 9,10-Dihydro9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) and perfluorobutyric acid (PFBA). First, we
identified their lethal concentration (LC50) under 96 hour exposures using zebrafish embryos;
chemical LC50 values ranged from 1.3-13,795 ppm. Next, we tested the toxicity of tertiary
mixtures containing the estimated LC50 values for each chemical which ranged from 126-5,094
ppm. We found that chemicals within these mixtures displayed concentration addition suggesting
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a similar mode of toxic action. Importantly, next generation chemicals were less acutely toxic
singly and in mixtures than their first generation counterpart.
2.2 Introduction
Perfluorinated chemicals and flame retardants are halogenated compounds commonly
used in food packaging and in clothing and electronics, respectively. They are of concern
because of their ability to persist in the environment, leading to bioaccumulation and increased
adverse health outcomes including reproductive, thyroid and neurological effects (Stahl et al.
2011). A study conducted by the United States Center for Disease Control detected
perfluorinated compounds in more than 98% of the human serum samples they tested (Calafat et
al. 2007). Some are considered endocrine disrupting chemicals as they have been shown to
interfere with thyroid function, by binding to thyroid receptors or transthyretin, affecting growth
and development (Meerts et al. 2000; Ren et al. 2015; Weiss et al. 2009).
Using zebrafish (Danio rerio) embryos, we evaluated the developmental toxicity of three
well known hazardous halogenated chemicals: perfluorooctanoic acid (PFOA),
tetrabromobisphenal A (TBBPA), and tris (1,3-dichloro-2-propyl) phosphate (TDCPP). TBBPA
is a flame retardant currently being used in electronics and furniture. TDCPP is also a flame
retardant that was banned from clothing but is still being used in furniture and baby products
(van Bergen and Stone 2014). PFOA is used as a nonstick coating and has already been phased
out of U.S. production. Importantly, these halogenated chemicals appear to have a similar mode
of toxicity via thyroid disruption (Meerts et al. 2000; Ren et al. 2015; Weiss et al. 2009).
However, how these chemicals interact as a mixture to influence toxicity is unknown.
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As hazardous chemicals are identified, there becomes a push to create next generation
chemicals to take their place. A next generation chemical that has recently been implemented to
replace TBBPA is 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxdie (DOPO). DOPO is
thought to be safer because it replaces the halogen with a phosphate. A potential safer alternative
to PFOA is heptafluorobutanoic acid (PFBA); PFBA has a smaller carbon chain which has
shown to be less toxic (Hagenaars et al. 2011). There is not a current next generation chemical
replacement for TDCPP. Although some of these next generation chemicals have been shown to
be less hazardous, further testing needs to be conducted to confirm effects at the whole organism
level to assess their safety for use in production (Waaijers et al. 2013).
One important factor to determine if these next generation chemicals are suitable for
production is to determine how they interact as mixtures with other chemicals. There are
different mathematical methods to assess mixture toxicity (Pounds et al. 2004). The most
classical approach utilizes the concept of concentration addition (similar mode of action) versus
independent action, dissimilar mode of action.
This study, for the first time, examines the in vivo acute toxicity of mixtures containing
known hazardous halogenated compounds and next generation chemical replacements. We
hypothesize that next generation chemicals will be less toxic in mixtures due to modifications in
their structure to make them safer. We also hypothesize that these chemicals will exhibit
concentration addition when in mixtures due to properties suggesting a similar mode of action.
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2.3 Material and Methods
2.3.1 Preparation of exposure solutions
We tested the toxicity of the following halogenated compounds: TBBPA (CAS No. 7994-7, Sigma-Aldrich, St. Louis, MO), TDCPP (CAS No. 13674-87-8, TCI America, Portland,
OR), PFOA (CAS No. 335-67-1, Sigma-Aldrich, St. Louis, MO), DOPO (CAS No. 35948-25-5,
ChemReagents, Watertown, MA), and PFBA (CAS No. 206-786-3, Sigma-Aldrich, St. Louis,
MO). We prepared a stock solution of each chemical by dissolving the appropriate amount of
powdered chemical in 1 L Reverse Osmosis (RO) water containing 12.5 µL Replenish (Seachem
Laboratories Inc., Madison, GA, USA) and adjusted pH to neutral (7-7.5). Because of the low
solubility of some of the compounds tested we used the following solvents: 0.1 M NaOH (<
0.003% and < 0.06%) for TBBPA and DOPO, respectively; and DMSO (< 0.0001%) for
TDCPP. Equivalent concentrations of solvents were included in all controls and no mortality
was observed in the controls indicating that solvent toxicity was negligible.
For single compounds, we tested the following concentration ranges: TDCPP (1.25-10
ppm), TBBPA (0.625-5 ppm), DOPO (900-1,000 ppm), PFOA (250-1,000 ppm), and PFBA
(1,000-15,000 ppm). For the tertiary mixtures, we prepared stock solutions targeting the LC50
concentration for each of the individual chemicals and mixed the chemicals in a ratio of 1:1:1 so
the final solution contained their respective LC50 concentration. The mixture stock solution was
labeled 1 TU (Toxic Unit) and a dilution range of 0.125-0.75 TU was included in each test.
Tests with single compounds were performed first in order to determine the LC50 values that
were then used in the mixture experiments; all tests were completed within six months.
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2.3.2 Embryo exposure and toxicity testing
We used the exposure protocol described by Gao et al. (2015) with some modifications.
Adult zebrafish, AB wild-type, were maintained at the Purdue University Aquatic Laboratory
with a water temperature of 28 ± 1 °C and a photoperiod of 14 L:10 D. We fed fish twice daily,
Artemia nauplii in the morning and Tetramin® in the afternoon and kept sexes separate
overnight at a ratio of 2 M:1 F. We removed tank dividers the next morning, randomly collected
20 embryos per concentration (gastrula stage, 4.5 hours post fertilization, hpf) and placed them
in plastic petri dishes containing 25 mL of exposure solution for 96 hours at 28 °C. Each test
consisted of a minimum of two replicates per dose and was repeated at least three times. We
found no need to monitor concentrations of these compounds over our 96 h exposure, since
solutions were renewed daily and these chemicals are highly stable and not readily degradable
(Shaw et al. 2010; Stahl et al. 2011).
2.3.3 Data analysis
We calculated LC50s using probit analysis with SPSS 23 software. We used a TU
approach for determining toxicity of mixtures (Altenburger et al. 2003) and constructed
predicted curves that either displayed concentration addition (assumption of similar mode of
toxic action, Eq. 1) and independent action (dissimilar mode of toxic action, Eq. 2) using the
following formulas (Jonker et al. 2005; Qin et al. 2011):
Eq. 1

ECxmix = [Ʃ(pi/ECxi)]-1

where ECxmix is the effective concentration of the mixture at x% response; pi is the proportion,
or concentration, of the compound in the mixture; and ECxi is the effective concentration of the
individual compound at the same x% as the mixture.
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Eq. 2

E(cmix) = 1 – Π (1-E(ci))

where E(cmix) is the total concentration and effect of the mixture; and E(ci) is the effect of a
compound at ci concentration in the mixture.
2.4 Results and Discussion
When tested singly, hazardous chemicals were more toxic than their next generation
counterparts (Table 2.1). When tested in mixtures, concentration addition was observed in all
mixtures (Figure 2.1). The hazardous mixture of TBBPA, TDCPP, and PFOA was the most toxic
combination, which was not surprising as these were the three most toxic chemicals singly
(Figure 2.1A). The next generation mixture combination of DOPO, TDCPP, and PFOA exhibited
concentration addition/partial addition (Figure 2.1C). The other two next generation mixture
combinations (TBBPA, TDCPP, PFBA and DOPO, TDCPP, PFBA) exhibited concentration
addition, however, at around 7,500 ppm there was an apparent pattern towards synergism
(Figures 2.1B, 2.1D).
Our single hazardous compound LC50 values fall within published ranges (Chan and
Chan 2012; Hagenaars et al. 2011; van der Veen and de Boer 2012). However, this is the first
study to obtain LC50 values in zebrafish for the next generation chemicals as well as to look at
the effects of the mixtures of various halogenated chemicals and their next generation
counterparts. A study conducted by Cristale et al. (2013) looked at joint effects of nine
organophosphorus flame retardants on Daphnia magna and also observed an additive effect of
toxicity. Additionally, Breitholtz et al. (2008) studied a mixture of six brominated flame
retardants in acute and chronic exposures using Nitocra spinipes and showed that the no
observed effect concentration can significantly increase mortality when in mixtures. The
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mixture toxicity results support an additive effect, as predicted by the CA model, thus implying
that the components of the mixture act via the same mode of action (Altenburger et al. 2003;
Cristale et al. 2013). Possible similar modes of action could include competitive binding for
transthyretin and thyroid hormone receptors to dysregulate thyroid hormone levels. However,
more work needs to be done to look at the specific mechanisms of action of these compounds.
2.5 Conclusions
It is critical that the toxicity of halogenated chemical mixtures are studied as they are
ubiquitously present in a great number of daily use products and have the ability to persist and
bioaccummulate in organisms. Our results indicate that these halogenated chemicals are acting
via a similar mode of action and next generation chemicals are less toxic, singly and in mixtures,
making them a suitable substitution for the current halogenated chemicals in production. Further
studies are needed to determine their mechanism(s) of toxicity.
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Table 2.1: LC50 values and associated 95% confidence intervals (CI) from zebrafish embryos
exposed to halogenated chemicals singly and in mixtures for 96 h. Three well known halogens,
perfluorooctanoic acid (PFOA), tris (1,3-dichloro-2-propyl) phosphate (TDCPP) and
tetrabromobisphenal A (TBBPA), and two next generation chemicals, 9,10-Dihydro-9-oxa-10phosphaphenanthrene 10-oxide (DOPO) and perfluorobutyric acid (PFBA), were tested. Bold
denotes next generation chemicals.

Chemical

LC50 (ppm)

95% CI

TBBPA

1.3

1.1 - 1.6

TDCPP

1.9

1.7 - 2.2

PFOA

473

442 - 503

DOPO

989

974 - 1,022

PFBA

13,795

8,932 - 54,103

TBBPA + TDCPP + PFOA

126

101 - 149

TBBPA + TDCPP + PFBA

5,094

4,438 - 5,811

DOPO + TDCPP + PFOA

576

496 - 665

DOPO + TDCPP + PFBA

4,945

4,248 - 5,701
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Figure 2.1: Tertiary chemical mixtures showing observed mortality curves as well as the
predicted models for concentration addition and independent action. Three well known
halogens, perfluorooctanoic acid (PFOA), tris (1,3-dichloro-2-propyl) phosphate (TDCPP) and
tetrabromobisphenal A (TBBPA), and two next generation chemicals, 9,10-Dihydro-9-oxa-10phosphaphenanthrene 10-oxide (DOPO) and perfluorobutyric acid (PFBA), were tested. Note the
different ranges for Xaxis.
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CHAPTER 3. THYROID DISRUPTING EFFECTS OF HALOGENATED
AND NEXT GENERATION CHEMICALS ON THE SWIM BLADDER
DEVELOPMENT OF ZEBRAFISH

Reproduced from:
Godfrey, A., B. Hooser, A. Abdelmoneim, K. A. Horzmann, J. L. Freeman, and M. S.
Sepúlveda. 2017. Thyroid disrupting effects of halogenated and next generation chemicals on the
swim bladder development of zebrafish. Aquatic Toxicology 193(2017):228-235.

3.1 Abstract
Endocrine disrupting chemicals (EDCs) can alter thyroid function and adversely affect
growth and development. Halogenated compounds, such as perfluorinated chemicals commonly
used in food packaging, and brominated flame retardants used in a broad range of products from
clothing to electronics, can act as thyroid disruptors. Due to the adverse effects of these
compounds, there is a need for the development of safer next generation chemicals. The
objective of this study was to test the thyroid disruption potential of old use and next generation
halogenated chemicals. Zebrafish embryos were exposed to three old use compounds,
perfluorooctanoic acid (PFOA), tetrabromobisphenol A (TBBPA) and tris (1,3-dichloro-2propyl) phosphate (TDCPP) and two next generation chemicals, 9,10-dihydro-9-oxa-10phosphaphenanthrene-10-oxdie (DOPO) and perfluorobutyric acid (PFBA). Sub-chronic (0 to 6
days post fertilization (dpf)) and chronic (0 to 28 dpf) exposures were conducted at 1% of the
concentration known to kill 50% (LC50) of the population. Changes in the surface area of the
swim bladder as well as in expression levels of genes involved in the thyroid control of swim
bladder inflation were measured. At 6 dpf, zebrafish exposed to all halogenated chemicals, both
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old use and next generation, had smaller posterior swim bladder and increased expression in
thyroid peroxidase, tpo and two swim bladder surfactant proteins, sp-a and sp-c. These results
mirrored the effects of thyroid hormone exposed positive controls. Fish exposed to a TPO
inhibitor (methimazole, MMI) had a decrease in tpo expression levels at 28 dpf. Effects on the
anterior swim bladder at 28 dpf, after exposure to MMI as well as both old and new halogenated
chemicals, were the same, i.e., absence of SB in ~50% of fish, which were also of smaller body
size. Overall, our results suggest thyroid disruption by the halogenated compounds tested via the
swim bladder surfactant system. However, with the exception of TBBPA and TDCPP, the
concentrations tested (~5-137 ppm) are not likely to be found in the environment.
3.2 Introduction
Halogenated chemicals, such as per/polyfluorinated and brominated chemicals are
commonly used in everyday items such as electronics, furniture and baby products. These
chemicals can persist in the environment and bioaccumulate in organisms, thus increasing
probability of exposure (Segev et al. 2009; Stahl et al. 2011). Some members of this group can
cause detrimental effects to the nervous, reproductive and endocrine systems (Stahl et al. 2011).
More specifically, laboratory and epidemiological studies have linked exposure to certain
halogenated chemicals with thyroid toxicity, which is of special concern for developing
organisms as it could lead to significant developmental delays and abnormalities (HartoftNielsen et al. 2011). Importantly, exposure to some halogenated chemicals like perfluorooctanoic
acid (PFOA) can occur prenatally as they are commonly detected in cord plasma and breast milk
(de Cock et al. 2014).
The exact mechanism(s) behind the thyroid toxicity of these halogenated chemicals is not
well understood. Studies have shown they can bind to thyroid receptors and/or outcompete for
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binding to the carrier protein transthyretin (TTR) due to structural similarities to thyroxine (T4)
(Kar et al. 2017; Meerts et al. 2000; Ren et al. 2015; Weiss et al. 2009). For instance,
tetrabromobisphenol A (TBBPA) is a thyroid hormone disruptor as it outcompetes for TTR
binding causing disruption of thyroid homeostasis (Shaw et al. 2010). In amphibians, TBBPA
suppresses triiodothyronine (T3) driven tail shortening (Kitamura et al. 2005). A chlorinated
flame retardant, tris (1,3-dichloro-2-propyl) phosphate (TDCPP) dysregulates the hypothalamicpituitary-thyroid (HPT) axis in zebrafish, decreasing body weight and increasing malformations
(Wang et al. 2013). Other toxic halogenated chemicals, such as polychlorinated biphenyls
(PCBs), have also been shown to cause thyroid disruption in fish at environmentally relevant
concentrations (Dong et al. 2014).
Swim bladder development in fishes is under thyroid control. In zebrafish, two distinct
swim bladder chambers develop under thyroid hormone control: the posterior swim bladder is
developed by 5 days post fertilization (dpf) and the anterior swim bladder by 21 dpf (Chang et al.
2012). The posterior swim bladder is responsible for buoyancy and the anterior swim bladder is
thought to play a role in the auditory system as well as buoyancy (Nelson et al. 2016). Zebrafish
(Stinckens et al. 2016) and fathead minnows (Nelson et al. 2016) treated with a thyroid
peroxidase (TPO) inhibitor that prevents oxidation of iodide for addition onto tyrosine residues
on thyroglobulin for the production of T4 and T3, resulted in impaired swim bladder inflation.
Deflation occurs because a decline in thyroid hormones results in a decline in the production of
surfactant proteins which lower the surface tension of the swim bladder to prevent it from
collapsing (Zheng et al. 2011). The putative thyroid disruptor perfluorooctane sulphonate
(PFOS) causes deflation of the posterior swim bladder in zebrafish larvae (Hagenaars et al. 2014;
Shi et al. 2008) but it is unclear whether this deflation is associated with thyroid disruption and
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surfactant protein levels. A similar surfactant protein system under thyroid control occurs in
mammalian lungs (Daniels et al. 2004). Children with thyroid transcription factor 1 (ttf-1)
deficiency have pulmonary dysfunction and have been shown to have reduced and/or
dysregulated surfactant proteins, which contribute to their obstructed airways and overall
respiratory problems (Galambos et al. 2010).
There is a need for the development of next generation, safer, alternative chemicals
because of the high environmental persistence and potential toxicity of halogenated chemicals.
DOPO, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxdie, is an alternative for TBBPA: it
replaces the bromine with a phosphate. Heptafluorobutanoic acid (PFBA) is a potentially safer
alternative to PFOA because it has a shorter carbon chain which has been shown to decrease
toxicity and bioaccumulation potential (Hagenaars et al. 2011). Currently, there is no safer
alternative to TDCPP. Although less overtly toxic, it remains unknown whether these next
generation chemicals can also act as thyroid disrupting chemicals.
The objective of this study was to assess the thyroid disrupting potential of old and next
generation halogenated chemicals via effects on fish swim bladder development. We used swim
bladder inflation as a key event in our studies since it is known to be under direct thyroid control
in fishes. We hypothesized that old use halogenated chemicals (PFOA, TBBPA and TDCPP)
would act as thyroid disruptors causing a delay/absence in swim bladder inflation and a decrease
in expression of surfactant proteins. Next generation alternative chemicals PFBA and DOPO
were not expected to elicit this response. To our knowledge, this is the first study that has
assessed the thyroid disrupting potential of these halogenated chemicals via the swim bladder
development in fishes.
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3.3 Materials and Methods
3.3.1 Exposure conditions
We tested the thyroid disrupting activity of the following chemicals: TBBPA (CAS No.
79-94-7, Sigma-Aldrich, St. Louis, MO), TDCPP (CAS No. 13674-87-8, TCI America, Portland,
OR), PFOA (CAS No. 335-67-1, Sigma-Aldrich), DOPO (CAS No. 35948-25-5, ChemReagents,
Watertown, MA) and PFBA (CAS No. 375-22-4, Sigma-Aldrich). Methimazole (MMI, CAS No.
60-56-0) was used as a negative control as it inhibits TPO-catalyzed thyroid hormone synthesis
(Reider and Connaughton 2014). Thyroid hormones T3 (CAS No. 6893-02-3) and T4 (CAS No.
51-48-9) were also used as controls (both from Sigma-Aldrich). T4 is converted to T3, the
biologically active form, via the removal of an iodine atom. Table S3.1 summarizes the chemical
structures of the different compounds tested. A stock solution was prepared for each chemical by
dissolving it in 1 L of Reverse Osmosis (RO) water containing 12.5 mL Replenish (Seachem
Laboratories Inc., Madison, GA) and pH was adjusted to neutral (7-7.5). Stock solutions were
then diluted to 1% of their respective lethal concentration 50% (LC50) based on data from a
previous study (TBBPA 1.3 ppm; TDCPP 1.9 ppm; PFOA 473 ppm; DOPO 989 ppm; and PFBA
13,795 ppm) (Godfrey et al. 2017). Tested exposure concentrations were as follows: TBBPA
(0.013 ppm), TDCPP (0.019 ppm), PFOA (4.7 ppm), DOPO (9.8 ppm) and PFBA (137 ppm).
Concentrations for T3, T4 and MMI were based on values derived from Liu and Chan (2002) who
observed swim bladder deflation at 30 nM of T4 and 5 nM of T3 and used 0.3 mM MMI for
recovery experiments. Preliminary tests indicated no differences in swim bladder development
between 10 nM and 30 nM for thyroid hormones and between 30 nM and 300 µM for MMI;
therefore, we decided to use the lower dose for all follow-up experiments.
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Adult AB wild type zebrafish were maintained at the Purdue University Aquatic
Laboratory. We kept sexes separate overnight at a ratio of 2M:1F and removed the dividers the
next morning. Embryos were collected (gastrula stage, 4.5 hours post fertilization (hpf)) and
randomly placed into petri dishes containing 25 mL of test solution which was renewed daily
throughout the duration of the exposure. Each petri dish contained 20 embryos and each test
consisted of a minimum of three replicates per dose with experiments repeated three times. In
order to cover the complete period of swim bladder development (see more on this below under
2.2), zebrafish embryos were exposed starting immediately after fertilization either
subchronically for 6 days (0 – 6 dpf) or chronically for 28 days (0-28 dpf). For the subchronic
exposures, embryos were maintained in petri dishes for 6 days, after which they were imaged
and flash frozen for qPCR analysis. For the chronic exposures, larvae were moved after 6 days to
a 500 mL glass mason jar containing 200 mL solution. Fish were not fed during the subchronic
exposures since they rely on their yolk sac until swim-up. From 6 to 14 dpf larvae were fed ad
libitum paramecia once a day, and from 15 to 28 dpf larvae were fed Artemia nauplii in the
morning and Tetramin® in the afternoon. Embryos and larvae were maintained in an
environmental chamber at a temperature of 28°C ± 1°C and a photoperiod of 14L:10D. Zebrafish
were exposed to all of the chemicals for 6 dpf, however, we did not pursue the 28 dpf zebrafish
exposure with TBBPA or DOPO.
3.3.2 Body size and swim bladder surface area
A timeline of exposure and sampling in relation to the development of the swim bladder
is depicted in Figure S3.1. In zebrafish, the posterior swim bladder starts developing at 3 dpf and
completes development by 5 dpf, while the anterior swim bladder completes development by 21
dpf (see Figure S3.1, Winata et al. 2009). Zebrafish are able to sustain their own T4 levels by 4
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dpf; prior to that their hormones are maternally-derived, which are depleted by 5 dpf (Porazzi et
al. 2009). Therefore, we finished our subchronic experiments at 6 dpf to reduce the influence of
potential maternally derived thyroid effects on the development of the posterior swim bladder,
and our chronic experiments at 28 dpf to ensure the anterior swim bladder was fully developed.
A representative number of fish (12-50 individuals/dose/chemical/time point) were imaged using
an Olympus stereo microscope (Tokyo, Japan) for later measurements using CellSens imaging
software. Prior to imaging, fish were anesthetized with tricaine MS-222 (40-75 mg/L). Standard
lengths, as well as the anterior and posterior swim bladder surface areas of larvae were
measured. After imaging, fish were transferred to clean water to ensure proper functioning and
swimming before being flash frozen in liquid nitrogen. Only fish that recovered from the
anesthesia and were observed swimming were then euthanized. Since swim bladder area does not
grow proportionally to standard length, values were corrected by the residual values from log-log
plot from the corresponding control data, displayed in Table S3.2. Negative values display a
deflation in swim bladder while positive values show a hyper-inflation.
3.3.3 Gene expression
Genes analyzed included: thyroid stimulating hormone beta (tshβ), thyroid receptors
alpha and beta (trα, trβ), tpo and ttf-1, all of which are important genes involved in the thyroid
system. We also analyzed the expression of surfactant protein A (sp-a) known as lectin mannose
binding 2 (lman2); surfactant protein B (sp-b) known as prosaposin (psap); and surfactant
protein C (sp-c) known as tendomodulin (tnmd). As already discussed, these proteins prevent the
swim bladder from deflation. All genes were normalized to the reference gene β-actin which was
tested to ensure no differences in expression occurred across treatments (Figure S3.2).
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Gene expression was quantified using real-time polymerase chain reaction (qPCR)
following the protocol described by Abdel-moneim et al. (2015) with the following
modifications. For the 6 dpf fish, 5 larvae were pooled from the same replicate and homogenized
(n = 6/dose). For the 28 dpf fish, single larvae were homogenized (n = 6/dose). RNA extraction
was conducted following the RNeasy Mini kit protocol (Qiagen, Hilden, Germany). Samples
were then treated with DNase following the manufacturers protocol (Fermentas, Waltham, MA)
and then reverse-transcribed to form cDNA using the kit from Applied Biosystems (Foster City,
CA). All RNA 260/280 ratios were between 1.8-2. Primer sequences were designed and
purchased through Integrated DNA Technologies (Coralville, IA) (Table S3.3) and all primer
efficiencies were tested prior to use (95%-105%). Reactions were carried out on a Bio-Rad
CFX96 machine (Hercules, CA) in a 96 well plate with 20 µL of total volume consisting of 10
µL of SYBR Green Supermix (Bio-Rad), 10 µM forward and reverse primers, 30 ng of cDNA
template and nuclease free water to fill the remaining volume. All reactions were performed in
duplicate using the following qPCR cycle: template denaturation at 95 °C for 3 min, 40 cycles of
95 °C for 10 sec, primers annealing at 58 °C for 30 sec, extension at 72 °C for 30 sec and a final
extension at 65 °C to 95 °C in increments of 0.5 °C for 5 sec. Bio-Rad CFX 2.1 software was
used for real-time qPCR data acquisition and analysis. Differences in gene expression were
analyzed using the delta Ct method (Schmittgen and Livak 2008).
3.3.4 Swimming behavior
We quantified swimming behavior in 6 dpf larvae using a protocol adapted from Emran
et al. (2008). Since the anterior swim bladder mostly functions in the auditory response we did
not test for swimming behavior at 28 dpf. Immediately after exposure, larvae were placed into 96
well plates (one larva/well) containing 0.5 mL of the corresponding exposure media and their
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swimming was tracked using a DanioVision (Leesburg, VA) instrument and Noldus EthoVision
XT 11.5 software. The Noldus Temperature Control Unit (Noldus Information Technology,
Wageningen, Netherlands) maintained the Noldus DanioVision Observation Chamber (Noldus
Information Technology, Wageningen, Netherlands) water temperature at 28°C throughout the
course of the experiment. The Noldus White Light Routine was performed after a period of dark
acclimation for 10 min. The routine consisted of alternating periods of light and dark; all periods
lasted 10 min with a total testing time of 1 hour per plate. A total of 32 larvae per concentration
were tested.
3.3.5 Statistical analyses
All statistical analyses were performed using SPSS 23 (IBM-SPSS Inc., Chicago, IL).
Shapiro–Wilks test was used to examine the normality of each response variable, and variables
showing normal distributions were statistically compared using a one way ANONA analysis with
a Dunnett’s post hoc test to identify differences between control and treatment groups. Response
variables showing non-normal distribution were compared using Mann–Whitney U tests.
Statistically significant differences were declared at a p-value ≤ 0.05.
3.4 Results
3.4.1 Effects on swim bladder and body size
None of the T3 exposed zebrafish survived 28 days. Between 7-9 dpf larvae in this
treatment were swimming in circles due to spine curvature, were unable to swim to the surface
and died by 10 dpf. No significant mortalities (< 10%) were observed in any of the other
treatments.
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Subchronic chemical exposures did not affect standard length of the fish (Figure 3.1A).
However, after a 28-day exposure period, both MMI and TDCPP caused a significant negative
impact in larvae length compared to controls (Figure 3.1B). PFOA and PFBA exposed fish
showed trends of being smaller than controls, but the trends were not statistically significant (p >
0.05). Figure 3.2 depicts the large range in body sizes across treatments at 28 dpf.
Exposures to the various chemicals caused significant alterations in the development of
the anterior and posterior swim bladder (Figure 3.3). After 6 days of exposure, T3 caused a
decrease in the surface area (deflation) of the swim bladder; the same trend was observed with all
halogenated chemicals (Figure 3.3A). At 28 dpf, all control fish had developed an anterior swim
bladder; however, exposure to all chemicals, including MMI, resulted in an increased in the
percentage of fish (between 20-60%) without an anterior swim bladder (Figure 3.3B) and these
fish were also smaller (Figures 3.3C-D).
3.4.2 Gene expression analysis
Effects on transcriptional profiles are shown in Figure 4. TBBPA caused no changes in
gene expression. Exposure between 0-6 dpf to the remaining halogenated chemicals, including
the thyroid hormones T3 and T4, caused a large increase (up to 12 fold) in the expression of ttf-1
(Figures 3.4B-F). Expression levels of tpo and surfactant proteins sp-a and sp-c were also
significantly upregulated and surfactants remained upregulated by 28 dpf in the TDCPP and
PFOA treatments (Figure 3.4A). DOPO caused a decrease in sp-b and an increase in the
expression of trβ and PFOA increased the expression of tshβ and trα. MMI did not affect
expression levels of tpo at 6 dpf; however, by 28 dpf, tpo expression levels were down regulated
as were ttf-1 and sp-a (Figure 3.4A).
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3.4.3 Behavior tracking
Significant swimming behavior alterations were only observed in 6 dpf zebrafish exposed
to PFOA and T3 (Figure 3.5). PFOA-exposed fish swam a greater distance and at a greater
velocity than controls (Figure 3.5A-B). In contrast, zebrafish exposed to T3 spent significantly
less time moving than the control fish (Figure 3.5C).
3.5 Discussion
At 6 dpf, zebrafish exposed to T3 had deflated posterior swim bladders and an
upregulation in the expression levels of trα. Zebrafish exposed to T3 did not survive past 10 dpf
so no data on 28 dpf fish are available. In MMI controls, close to 60% of the fish did not develop
an anterior swim bladders. tpo and sp-a expression levels were down-regulated in these fish.
At 6 dpf, all halogenated chemicals induced effects similar to thyroid hormone positive
controls. By 28 dpf, although the area of the posterior swim bladder was back to control levels,
expression of sp-a and sp-c remained up-regulated in TDCPP and PFOA. A significant number
of zebrafish (~30-50%) exposed to the halogenated chemicals also did not develop anterior swim
bladders and were significantly smaller in length. Overall, halogenated chemicals appeared to act
like thyroid hormones and opposite to the inhibitor MMI early in development. By 28 dpf,
although effects on the size of the posterior swim bladder were no longer present in halogenatedexposed animals, there was significant impairment in the development of the anterior swim
bladder in all fish, particularly those exposed to MMI.
Our results are consistent with other studies that have observed similar impairments to
swim bladder development after exposure to thyroid disruptors. A recent study (Nelson et al.
2016) exposed fathead minnows to another TPO inhibitor, 2-mercaptobenzothiazole (MBT), at 1
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mg/L and reported that roughly half of the exposed fish did not develop an anterior swim bladder
and those that did, had significantly smaller anterior swim bladders than controls. Results from
exposure to the MBT TPO inhibitor are consistent with our data in that over half of MMI
exposed zebrafish did not develop an anterior swim bladder. There were also no changes in the
posterior swim bladder in the MBT exposed fish, consistent with our results. Our results further
showed that expression levels of tpo and surfactant proteins were not down-regulated at 6 dpf
suggesting that maternal thyroid hormones might have dampened the effects of MMI at 6 dpf.
The absence of an induction of tpo expression at 6 dpf supports this observation as an inhibition
of thyroid hormone synthesis in developing zebrafish would not become apparent until after 3
dpf when the first thyroid producing follicles become active, meaning MMI would be inactive
until this time point (Reider and Connaughton 2014). Although thyroid hormones were not
quantified in the present study, it is likely MMI had decreased the production of thyroid
hormones by 28 dpf as this has been shown in previous studies with zebrafish exposed to TPO
inhibitors (Stinckens et al. 2016).
A significant finding from the current study was the deflation of the posterior swim
bladder phenotype induced by all halogenated chemicals tested. However, expression of tpo, spa, and sp-c was induced, not down-regulated as hypothesized. Importantly, T3 elicited the same
response. Putative thyroid disruptors that decrease thyroid hormone production and cause swim
bladder deflation should increase gene expression of surfactant proteins as a compensatory
response (Zheng et al. 2011). We expected the surfactant proteins to reflect the phenotypic
response of a deflated swim bladder, when actually they show to be reactive to the response by
being compensatory and preventing a complete collapse. We show that surfactant gene
expression is upregulated at the early larval stages exposed to the chemicals in order to

46
compensate for the deflated swim bladder. This is affirmed during the chronic exposures when
the posterior swim bladder inflates to comparable control levels; however, the anterior swim
bladders are still not fully developed coupled with continued elevation of surfactant levels.
However, it is important to note that this study focused on transcriptional effects and future
studies should look at surfactant protein levels to better verify the link between thyroid
disruption and surfactant proteins.
ttf-1 expression levels were highly up-regulated in fish exposed to halogenated
compounds and thyroid hormones, particularly T3, and were down-regulated only by MMI at 28
dpf. This response again supports the “thyroid” behavior of these chemicals. Since ttf-1 is
involved in growth of the brain, thyroid and swim bladder (Crane et al. 2006) this data suggests
changes in ttf-1 expression could be used as a molecular biomarker for thyroid disrupting
chemicals, especially in early development. In addition, increased ttf-1 has been associated with
increased surfactant proteins, yet the exact mechanism is not defined (Boggaram 2009;
Galambos et al. 2010). However, the highly variable expression of this gene during early
development decreases its power as a biomarker of thyroid disruption.
Deflation of the posterior swim bladder by halogenated compounds did not impair
swimming velocity and distance traveled in 6 dpf larvae, except for a slight increase in both in
larvae exposed to PFOA. This hyperactivity in swimming behavior was also observed in
zebrafish exposed for the same time duration to PFOS (Spulber et al. 2014). However, low levels
of T3 induced changes in swimming behavior at 6 dpf which was followed by increased
mortality. By 7 dpf, these larvae had pronounced spinal curvature, were swimming in circles, and
stayed on the bottom of the exposure dish. Early exposures of zebrafish to excess thyroid
hormones have resulted in thyrotrope cell death leading to developmental impairments later in
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life (Tonyushkina et al. 2014). T3 hormone levels peak at ~10 dpf (Chang et al. 2012) in wildtype
zebrafish, therefore it is likely we exceeded the levels of T3 needed for normal development in
our experiments by exposing to additional T3. This data shows that exposure to excess thyroid
hormone, even in low amounts, can have detrimental effects during critical development periods.
Since active control of the swim bladder in zebrafish does not occur until 28-30 dpf (Robertson
et al. 2007), it remains unknown whether a smaller or absent anterior swim bladder would affect
swimming activity and buoyancy past the first month of age.
The same profile of increased surfactants and deflated swim bladders were also observed
in the next generation chemicals suggesting their potential sublethal thyroid disrupting effects.
However, next generation chemicals elicited effects at much higher doses compared to old use
chemicals. For instance, exposure to PFBA, the next generation counterpart of PFOA, caused a
similar phenotype but at a concentration 28 times higher. Similar deflated posterior swim
bladders have been reported after comparable PFOS levels (4.3 ppm vs. 4.7 in the present study)
(Hagenaars et al. 2014). It has also been shown that zebrafish exposed to a variety of
perfluorinated compounds (PFOS, PFOA, PFBS and PFBA) exhibited deflated swim bladders
after 5 dpf (Hagenaars et al. 2011). Zebrafish exposed to the flame retardant tris(2,3dibromopropyl) isocyanurate (TBC) also exhibited a deflated swim bladder as a dose dependent
response between 2.5 and 10 µg/mL, albeit after 7 days (Li et al. 2011). However, it is important
to note that it is unlikely that environmental concentrations will be attained for some of the
chemicals tested. For instance, maximum concentrations of PFOA and PFBA in New Jersey’s
drinking water were 100 ng/L and 6 ng/L, respectively; these values are approximately 2.13 x 105

and 4.38 x 10-8 times lower than the concentrations tested in the present study (Post et al.

2013). Environmental concentrations of TDCPP have a much broader range; for example, in
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China waterways the concentration varies from 2.5 to 377 ng/L and in Sweden it has been
detected as high as 3 µg/L in sewage treatment effluents (Zhu et al. 2015). The concentrations
tested in the present study fall within this range.
3.6 Conclusions
Overall, our data is consistent with our hypothesis that halogenated chemicals act as
thyroid disruptors and alter normal development of the swim bladder via the surfactant system.
We show that surfactant gene expression levels are upregulated in the early larval stages exposed
to halogenated chemicals likely as a way to compensate for a deflated swim bladder. This
compensatory effect is affirmed during the chronic exposures when the posterior swim bladders
were inflated to comparable control levels, however, the anterior swim bladders were still not
fully developed coupled with continued elevation of surfactant levels. Our study indicates that
developmental delays as a result of thyroid dysregulation can be seen after only six days thus
allowing for a quick timeline for screening. This work supports the use of surfactant proteins as a
quick screening endpoint to evaluate thyroid disrupting effects. Since the swim bladder is
homologous to the mammalian lung, and surfactant proteins are also present in mammalian
lungs, these chemicals could also be contributing to respiratory problems in mammals,
suggesting that more work examining the effects of halogenated chemical exposure on
mammalian lungs via the surfactant system is warranted.
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Figure 3.1: Standard length of 6 dpf (A) and 28 dpf (B) zebrafish. Fish were exposed to MMI (30
nM) and the following chemicals at 1% of the respective LC50 value: TDCPP, PFOA and PFBA.
Values represent mean ± SEM. The following are the n values for the 6 dpf groups: control 50,
T3 50, MMI 44, TDCPP 44, PFOA 43 and PFBA 40. The following are the nvalues for the 28
dpf groups: control 12, MMI 12, TDCPP 21, PFOA 19 and PFBA 29. Significant difference
from controls is indicated by *p <0.05.
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Figure 3.4: mRNA expression of thyroid related genes in 6-dpf (days post-fertilization) and 28dpf zebrafish larvae. Genes analyzed were thyroid stimulating hormone beta (tshβ), thyroid
receptors alpha and beta (trα, trβ), thyroid peroxidase (tpo), thyroid transcription factor 1 (ttf-1),
surfactant protein A (sp-a), surfactant protein B (sp-b) and surfactant protein C (sp-c). Fish were
exposed to MMI (30 nM) (A) and the following chemicals at 1% of their respective LC50 value:
TDCPP (B), PFOA (C) and PFBA (D). Fish were also exposed to T3 (10 nM) and T4 (10 nM) (E)
and 1% of their respective LC50 value of TBBPA and DOPO (F), but only for 6 dpf. Values
represent mean ± SEM (n = 6). Significant differences from the control group within each age
group are indicated by an asterisk (p < 0.05).
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3.8 Supplemental data
Table S3.1: Chemical summary of all chemicals tested. Next generational chemicals are in bold.
Name

CAS number

Methimazole (MMI)
Thyroid peroxidase
(TPO) inhibitor

60-56-0

Triiodothyronine (T3)

6893-02-3

Structure

H
I

0

Thyroxine (T4)

51-48-9
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Tetrabromobisphenol A
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9,10-dihydro-9-oxa-10phosphaphenanthrene10-oxdie (DOPO)
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Tris (1,3-dichloro-2propyl) phosphate
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Perfluorooctanoic acid
(PFOA)
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335-67-1
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F
F
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Perfluorobutyric acid
(PFBA)

F

F

375-22-4
F

F
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Table S3.2: Equations used to determine relative swim bladder surface area. Dpf = days postfertilization.
Exposure Length
6 dpf
28 dpf
28 dpf

Swim Bladder
Posterior
Posterior
Anterior

Equation
y = 1.5248x – 0.5848
y = 0.6928x + 2.5551
y = 5.1371x – 14.488
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Table S3.3: Primer sequences for tested genes. Reference gene used was β-actin.
Gene Name

Primer Sequence (5’-3’)

Primer Efficiency

β-actin

F: CTAAAAACTGGAACGGTGAAGG
R: AGGCAAATAAGTTTCGGAACAA

99.3%

sp-a

F: GGATCGCTCCTTTCCATACATTTC
R: CCACCATTATCGTGAGTCTGCCT

107.8%

sp-b

F: CAGGACTGCGTTACGTTCAT
R: GGGTTGCTGTTCCATAGACAT

97.8%

sp-c

F: AACCTCGGGAAGGTGTATGA
R: ACCCGTCTCAGTTACCTCAA

93.4%

tpo

F: GCGCTTGGAACACAGTATCA
R: CTTCAGCACCAAACCCAAAT

102.2%

trα

F: CTATGAACAGCACATCCGACAAG
R: CACACCACACACGGCTCATC

107.3%

trβ

F: TGGGAGATGATACGGGTTGT
R: ATAGGTGCCGATCCAATGTC

99.7%

tshβ

F: GCAGATCCTCACTTCACCTACC
R: GCACAGGTTTGGAGCATCTCA

102.6%

ttf-1

F: ATGTCCTTGAGCCCCAAAC
R: TCACCATGTTCTGCCGTACA

109.3%
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Figure S3.2: Zebrafish mRNA β-actin expression levels after 6 dpf and 28 dpf exposures. Fish
were exposed to MMI (30 nM) and the following chemicals at 1% of their respective LC50 value:
TDCPP, PFOA and PFBA. Fish were also exposed to 3T(10 nM) but only for 6 dpf. Values
represent mean ± SEM (n =6). Note that there are no significant differences in expression levels
across treatments.
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CHAPTER 4: SEX SPECIFIC ENDOCRINE DISRUPTING EFFECTS OF
HALOGENATED CHEMICALS IN JAPANESE MEDAKA

Reproduced from:
Godfrey, A., B. Hooser, A. Abdelmoneim, and M. S. Sepúlveda. 2017. Sex specific endocrine
disrupting effects of halogenated chemicals in Japanese medaka. Toxicological Sciences. In
Review.

4.1 Abstract
Halogenated chemicals, such as perfluorinated compounds and flame retardants are found
in an array of products from cookware to baby products and have been known to cause thyroid
disruption. Additionally, women are more susceptible to thyroid dysfunction than men
suggesting the importance of interplay between estrogen and thyroid dysfunction of these
chemicals. The objective of this study was to assess sex differences of halogenated compounds
for thyroid and estrogenic disruption. Japanese medaka (Oryzias latipes, strain SK2MC) are an
excellent model for these studies since sex can be determined non-destructively a few hours post
fertilization. Medaka embryos were exposed to tris (1,3-dichloro-2-propyl) phosphate (TDCPP),
perfluorooctanoic acid (PFOA) and its next generation alternative, perfluorobutyric acid (PFBA).
A negative water control was tested along with the positive controls methimazole (MMI) and the
thyroid hormone T3. Fish were exposed to sublethal concentrations, TDCPP (0.019 ppm), PFOA
(4.7 ppm) and PFBA (137 ppm), throughout embryo development until 48 hours post hatch.
Changes in swim bladder surface area and in expression levels of thyroid and estrogenic related
genes were quantified. There were no effects on swim bladder surface area in males; however, an
upregulation of estrogenic related genes was observed after exposure to TDCPP, PFOA and
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MMI. Females displayed significantly larger swim bladders after exposure to all chemicals with
exception of T3 which caused the opposite effect. Females exposed to TDCPP and PFOA had
increased expression of vitellogenin and exposure to PFOA upregulated expression of multiple
thyroid related genes. Overall our results suggest that males have increased expression of
estrogenic genes when exposed to halogenated chemicals and females are more susceptible to
thyroid induced swim bladder dysfunction. These results are important as it shows the disparities
in sex response and stresses the importance to consider sex effects when assessing the toxicity of
compounds.
4.2 Introduction
Brominated and fluorinated halogenated chemicals are found in a variety of daily use
products such as nonstick cookware, firefighting foam, furniture, and baby products. These
chemicals have been found to be endocrine disrupting chemicals (EDCs) affecting the overall
health and development of organisms (Hartoft-Nielsen et al. 2011). Furthermore, exposure to
these compounds during early development is likely. For instance, perfluorooctanoic acid
(PFOA) has been detected in cord plasma at a range of 200-2700 ng/L, with a median of 885
ng/L (de Cock et al. 2014). Halogenated chemicals also have the ability to bioaccumulate and
persist in the environment which increases the potential for exposure and endocrine disrupting
effects (Segev et al. 2009; Stahl et al. 2011).
One way in which these chemicals act as endocrine disruptors is via the dysregulation of
the hypothalamic-pituitary-thyroid pathway. Multiple studies have suggested that perfluorinated
compounds and brominated flame retardants EDCs act by outcompeting for transthyretin (TTR)
binding and/or directly binding to the thyroid hormone receptors due to structural similarities to
thyroxine (T4) thus resulting in thyroid dysregulation and developmental abnormalities (Kar et
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al. 2017; Meerts et al. 2000; Ren et al. 2015; Weiss et al. 2009). Polychlorinated biphenyls
(PCBs), a known toxic halogenated chemical, resulted in thyroid disruption in fish at
environmentally relevant concentrations (Dong et al. 2014). Furthermore, a chlorinated flame
retardant, tris (1,3-dichloro-2-propyl) phosphate (TDCPP), has been shown to cause thyroid
disruption by upregulating thyroid related genes resulting in increased malformations in
zebrafish (Wang et al. 2013). Various halogenated chemicals have also been shown to be thyroid
disruptors by causing a delay/absence in swim bladder development in zebrafish (Godfrey et al.
2017a).
According to the American Thyroid Association, women are five to eight times more
likely to have thyroid problems over men (https://www.thyroid.org/media-main/abouthypothyroidism/). Additionally, women are 2.9 times more likely to develop thyroid cancer than
men; however, the molecular mechanism(s) for this remains unclear (Rahbari et al. 2010).
Exposure to halogenated chemicals can contribute to thyroid dysfunction in women. These
chemicals have been widely shown to raise free T4 levels, thus causing the pituitary to synthesize
less thyroid hormone and resulting in hypothyroidism. Women were found to have higher odds
of hypothyroidism with increasing PFOA exposure, as defined by the thyroid stimulating
hormone (TSH) level clinical definition of hypothyroidism (Wen et al. 2013). Furthermore, a
study showed that females had higher concentrations of perfluorinated compounds in their serum
than men and it correlated to a higher prevalence to thyroid disease (Melzer et al. 2010). The
flame retardant polybrominated diphenyl ether (PBDE) has also been linked to hypothyroidism
in women where increasing concentration was linked to increased prevalence of hypothyroidism
as defined by clinical doctors (Oulhote et al. 2016).
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Halogenated chemicals have also been shown to have a negative impact on the male
reproductive system. A review conducted by Vested et al. (2014) showed examples from
numerous studies on how halogenated chemicals have the ability to decrease testosterone
production and semen quality as well as induce feminization. Additionally, certain halogenated
chemicals, like tetrabromobisphenyl A (TBBPA), have a similar structure to the estrogen
hormone. A study assessed fetal exposure to polychlorinated biphenyls (PCBs) in milk and show
an association of increased exposure with increased congenital cryptorchidism, or the absence of
one or both testes (Brucker-Davis et al. 2008). Boys of mothers exposed prenatally to
environmental concentrations of dioxins, were found to have a permanent reduction in semen
quality as young men (Mocarelli et al. 2011). However, more studies need to be conducted to
assess the mechanism of these effects in males.
Ultimately sex differences play an important role in determining response to chemicals.
To address the role of sex differences in experiments the US National Institute of Health (NIH)
has stressed the importance of preclinical research to incorporate sex differences. Specifically,
NIH has stated that there is a lack of female animal testing during these preclinical research
stages (https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-takes-stepsaddress-sex-differences-preclinical-research). Due to the lack of preclinical research involving
female vertebrates, coupled with the increased incidence of females developing thyroid
problems, we believe it is imperative to evaluate female response when assessing the role of
EDCs.
The objective of this study was to assess sex differences of putative thyroid and
estrogenic disrupting halogenated compounds using the Japanese medaka, Oryzias latipes.
Medaka are an ideal model organism for these types of studies as sex can be non-destructively
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determined days before hatch. We hypothesized that females would be more susceptible to
thyroid disrupting effects after exposure to halogenated chemicals evidenced as swim bladder
impairment. We predicted females would display deflated swim bladders coupled with a
dysregulation in the expression of thyroid related genes. We also hypothesized that the
halogenated compounds tested would be estrogenic only in males and predicted that there would
be an upregulation in estrogen responsive genes. To our knowledge, this is the first study that has
simultaneously evaluated thyroid and estrogenic potential of halogenated chemicals during early
development, by sex, in an aquatic system.
4.3 Materials and Methods
4.3.1 Preparation of exposure solutions
Japanese medaka embryos were exposed to three halogenated compounds, TDCPP (CAS
No. 13674-87-8, TCI America, Portland, OR), PFOA (CAS No. 335-67-1, Sigma-Aldrich, St.
Louis, MO), and perfluorobutyric acid (PFBA) (CAS No. 375-22-4, Sigma-Aldrich).
Methimazole (MMI, CAS No. 60-56-0, Sigma-Aldrich) was used as a positive control as it
inhibits thyroid peroxidase (TPO)-catalyzed thyroid hormone synthesis (Reider and
Connaughton 2014). Thyroid hormone triiodothyronine (T3) (CAS No. 6893-02-3, SigmaAldrich) was also used as a positive control. A negative control of just water was also tested.
Test solutions were prepared following the methods described by Godfrey et al. (2017b) and
contained the same amount of Replenish (Seachem Laboratories Inc., Madison, GA; 12.5 mL/1
L of reverse osmosis water) with pH adjusted to neutral (7.0-7.5). Table S4.1 summarizes the
chemical structures of the different compounds tested.
Medaka were exposed to sublethal concentrations based on LC50 values reported for
zebrafish (Godfrey et al. 2017b; TDCPP, 0.019 ppm; PFOA, 4.7 ppm; and PFBA, 137 ppm)
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since no data was available for our model. Before initiating exposures however, we compared the
sensitivity of both fish species by exposing medaka to the zebrafish LC50 values (Figure S4.1).
Results from these acute toxicity tests indicate medaka are less sensitive than zebrafish as only
25% exposed to TDCPP, 5% exposed to PFOA and 15% exposed to PBFA died. Importantly,
the concentrations tested (1% 96 h LC50-ZF) in all experiments were well below those needed to
elicit overt toxicity. The controls MMI and T3 were tested at 30 nM and 10 nM, respectively.
4.3.2 Fish maintenance and embryo exposure
Adult, see-through Japanese medaka SK2MC were maintained in a controlled
recirculating system (Z-Hab System, Aquatic Habitats, Apopka, FL), with a 14:10-h light:dark
photoperiod and a temperature of 25 ± 1ºC, at the Aquatic Ecology Laboratory (Purdue
University, West Lafayette, IN, USA). Adult fish were fed ad libitum twice daily with a
combination of hatched Artemia nauplii and commercial food (Otohime). Adult fish were bred
by placing them in breeding tanks (1:1 male to female ratio) in an environmental chamber with
the same conditions described earlier. Fertilized eggs (<6 h post-fertilization, hpf) were collected
from the bottom of the tank or gently brushed off from females. Eggs were then immediately
disinfected in a 0.005% bleach solution and moved to 6-well plastic plates (Corning) containing
10 mL of the designated exposure or control media and no more than five embryos per well.
Embryos were reared in an environmental chamber with the same photoperiod and temperature
as breeders and continuous shaking at 70 rpf to synchronize the eggs hatching time (Farwell et
al. 2006). Test solutions were fully changed every other day. The total length of the exposure
lasted until 48 hours post-hatch (hph). Fish were sexed with aid of leucophores along the body
axis of males only prior to hatching.
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4.3.3 Larval imaging
To quantify changes in swim bladder inflation, larvae (48 hph) were collected and
anesthetized using tricaine MS222 (40-75 mg/L). Medaka only have one swim bladder that
develops right after hatching thus reducing the number of confounding factors. Once the larvae
became unresponsive, they were positioned on their lateral surface and examined under an
Olympus stereo microscope (Tokyo, Japan). A representative number of fish (9-22
individuals/sex/chemical) were imaged. Image analysis software, CellSens, was used to measure
the standard length and swim bladder surface area for each larva. Medakas only have one swim
bladder that starts to develop at 72 hpf but is not fully developed until immediately after hatch.
Imaging was conducted at 48 hph to ensure full development of the swim bladder. Due to the
disproportional relationship between changes in body length and swim bladder surface area,
values were corrected by the residuals from a log-log plot from the corresponding sex specific
combined data (equations displayed in Table S4.2). Negative values indicate a deflation in swim
bladder while positive values indicate a hyper-inflation. After imaging, larvae were allowed to
recover in a petri dish containing rearing medium, then placed individually in 1.7 mL Eppendorf
tubes and flash frozen in liquid nitrogen for gene expression analysis.
4.3.4 Gene expression
Thyroid related genes analyzed included thyroid stimulating hormone beta (tshβ), thyroid
receptors alpha and beta (trα, trβ) and tpo (thyroid peroxidase). We also analyzed the expression
of surfactant protein A (sp-a) known as lectin mannose binding 2 (lman2); surfactant protein B
(sp-b) known as prosaposin (psap); and surfactant protein C (sp-c) known as tendomodulin
(tnmd). These are proteins that prevent the swim bladder from deflation and are under thyroid

76
control. We also analyzed the expression of estrogen receptors alpha and beta (esrα, esrβ) and
vitellogenin (vtg) which are important genes involved in the estrogen response.
Gene expression was quantified using real-time polymerase chain reaction (qPCR). Total
RNA was extracted from individual larvae using QIAzol (Qiagen) followed by a cleanup using
the RNeasy MinElute Cleanup Kit (Qiagen), as described in Abdel-moneim et al. (2015). A
Nanodrop 1000 spectrophotometer was used to quantify RNA concentrations as well as 260/280
and 260/230 ratios. Both ratios were between 1.8 and 2.1, signifying the lack of contamination
with proteins or reagents, respectively (Eldh et al. 2012). Samples meeting quality standards
were first treated with deoxyribonuclease (DNase) I (Fermentas, Hanover, MD) according to the
manufacturer’s instructions, to eliminate any genomic DNA contamination. DNase treated RNA
was then reverse transcribed to complementary DNA (cDNA) using a high-capacity reverse
transcription kit (Applied Biosystems, Foster City, CA) following the manufacturer’s
instructions. Primer sequences for the subset of genes tested (Table S4.3) were designed,
purchased from Integrated DNA and tested to determine their efficiency. qPCR reactions were
performed in a Hard-Shell 96-well white plate (Bio-Rad) and sealed with a microseal plate
sealing film adhesive (Bio-Rad). Each reaction contained 10 µl SYBR Green Supermix (BioRad), 10 µM forward and reverse primers, 30 ng of cDNA and nuclease free water totaling a
volume of 20 µL per well, using a Bio-Rad CFX96 system (Hercules, CA). All reactions were
performed in duplicate using the following qPCR cycle: template denaturation at 95 °C for 3
min, 40 cycles of 95 °C for 10 sec, primers annealing at 58 °C for 30 sec, extension at 72 °C for
30 sec and a final extension at 65 °C to 95 °C in increments of 0.5 °C for 5 sec. The expression
of each target gene was normalized to a reference gene (β-actin) to calculate its relative gene
expression (ΔCt). Expression of β-actin was tested to ensure no differences occurred across
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treatments (Figure S4.2). Expression of each target gene was quantified by estimating the
average 2^ΔCt of all biological replicates (Schmittgen and Livak 2008).
4.3.5 Statistical analyses
All statistical analyses were performed using SPSS 23 (IBM-SPSS Inc., Chicago, IL).
Shapiro–Wilks test was used to examine the normality of each response variable, and variables
showing normal distributions were statistically compared using a one way ANONA analysis with
a Dunnett’s post hoc test to identify differences between control and treatment groups. Response
variables showing non-normal distribution were compared using Mann–Whitney U tests.
Statistically significant differences were declared at a p-value ≤ 0.05.
4.4 Results
4.4.1 Effects on body length and swim bladder surface area
Females exposed to MMI, TDCPP and PFBA were larger (Figure 4.1A) than controls.
Although all control and PFOA-exposed females developed a swim bladder, exposure to T3,
MMI, TDCPP, and PFBA resulted in an increase (between ~ 30 to 50%) of females lacking a
swim bladder (Figure 4.3A). Females exposed to MMI and all halogenated chemicals which
developed a swim bladder showed hyper-inflation; in contrast, T3 caused a decrease in the
surface area of swim bladders in females (Figures 4.2 and 4.3B).
In males, body length was slightly increased only after exposure to TDCPP (Figure
4.1B). Similarly to what was observed with females, all control males developed swim bladders;
however exposure to all chemicals including T3 and MMI, resulted in an increase in the
percentage of fish (between 10-60%) that did not develop a swim bladder (Figure 4.3C). Males,
contrary to females, exposed to MMI and halogenated compounds did not result in an increased
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surface area and the apparent decline in surface area after exposure to T3 was not significant
(Figure 4.3D).
4.4.2 Gene expression
Effects on transcriptional profiles are shown in Figure 4.4. Females exposed to MMI or
PFBA exhibited no changes in gene expression. Those exposed to T3 had a reduction in tpo
expression. TDCPP exposure only resulted in an increase in vtg. Exposure to PFOA caused an
increase in tshβ, sp-b, trβ, tpo and vtg (Figure 4.4A).
Males exposed to T3 or PFBA exhibited no changes in gene expression. TDCPP was the
only chemical to affect thyroid related genes by upregulating trα and downregulating tpo. MMI
exposed males only had an increase in vtg. Both TDCPP and PFOA resulted in an upregulation
in esrβ and vtg (Figure 4.4B).
4.5 Discussion
In this study, medaka exposure to halogenated chemicals resulted in sex-specific
endocrine disrupting effects at both organ and molecular levels. This is exemplified through the
physiological response of the swim bladder where males had no significant alterations while
females exposed to every chemical tested had either under- (T3) or over- (MMI, TDCPP, PFOA
and PFBA) inflated swim bladders. In fish species, swim bladder development is under thyroid
control, thus exposure to chemicals with thyroid disrupting effects might result in swim bladder
impairment. Zebrafish larvae (6 dpf) exposed to the same set of halogenated compounds
developed under-inflated posterior swim bladders, representing a form of developmental
impairment opposite to our observation in medaka (Godfrey et al. 2017a). At 28 dpf, the surface
area of the anterior and posterior swim bladders in the exposed zebrafish larvae were similar to
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controls (Godfrey et al. 2017a). However, a fraction of the exposed larvae failed to develop swim
bladders, as observed in this study with medaka.
At the molecular level, halogenated chemicals tested in this study did not evoke
dysregulations in thyroid related genes in males. This observation could provide an explanation
for the lack of significant alterations in swim bladders of exposed males. TDCPP only upregulated the expression of trα, suggesting possible effects on thyroid receptor α-centered gene
network. Up-regulation in trα expression levels (1.2- and 1.6-fold) was also observed in
zebrafish larvae following exposure (4 – 120 hpf) to different concentrations of TDCPP (0.2 or 2
mg/L, respectively) (Liu et al. 2012). Interestingly, exposure of males to MMI, TDCPP or PFOA
caused an upregulation in estrogenic genes. Increased expression of the female specific gene vtg,
as seen in this study, is an indicator of exposure to an estrogenic chemical thus supporting the
idea that these male fish are being feminized (Gross-Sorokin et al. 2006) and that chronic
exposures could lead to adverse effects on the gonadal development and reproductive functions
of males. Male zebrafish exposed to low levels of TDCPP (4-100 µg/L) through sexual maturity
also showed increased expression of vtg coupled with reduced spermiation suggesting that
exposure to this chemical impairs fish reproduction (Wang et al. 2015). Male minnows exposed
to PFOA (3-30 mg/L) also exhibited increased expression of vtg and esrβ and caused ovatestes
(Wei et al. 2007). Similarly, a field study in St. Joseph River in northern Indiana recorded high
prevalence of testicular oocytes among male smallmouth bass sampled, upregulation in vtg
expression levels and detectable levels of PFOA in all passive samplers deployed (Abdelmoneim et al. 2017). In sum, these halogenated chemicals appear to be acting primarily as
estrogen disruptors in males.
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Females exposed to PFOA responded with an increase in expression of three thyroid
related genes (tshβ, trβ and tpo). They also had an increase in sp-b, which has been linked to
thyroid-induced lung inflammation in mice (Wert et al. 2002). It is important to note that in
contrast, the next generation chemical PFBA caused no changes in expression of thyroid-related
genes. A United States National Health and Nutrition Examination Survey in adults showed that
PFOA serum levels were associated with thyroid disease and women have a higher prevalence of
the disease (Melzer et al. 2010). This is consistent with our study that showed PFOA to cause
thyroid disruption only in the females. There is evidence suggesting that this thyroid
dysregulation is linked to the stress response. Corticotropin-releasing hormone (CRH) is
involved in the regulation of both the thyroid and adrenal axes. This cross-talk is exemplified in
tadpoles during metamorphosis where thyroid hormones and corticoids synergize during early
development to accelerate growth (Seasholtz et al. 2002). This synergism causes an acceleration
of growth by upregulating trβ (Bonett et al. 2010). This is consistent with the upregulation of trβ
observed in females exposed to PFOA and could be a reason for the over inflated swim bladder.
However, future work should be conducted to see if catecholamines play a role in this thyroid
induced swim bladder response.
The chemicals of interest in this study have been shown to be both thyroid and estrogenic
disrupting compounds. Numerous evidence of interplay between estrogen and thyroid hormones
has been previously documented. For instance, in hypothyroid women, estrogen increases
thyroxine binding globulin levels leading to an increased production in thyroid hormones
(Arafah 2001). Coupled exposure of estrogen and T3 to tadpoles induced a greater expression of
vtg than estrogen alone (Rabelo et al. 1994). T3 has been shown to upregulate both trβ and esrα
in tadpoles further suggesting the cross regulation of these pathways via receptors (Hogan et al.
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2007). In regards to our chemicals of interest, low concentrations of TDCPP have been shown to
upregulate vtg in both male and female zebrafish (Wang et al. 2015). Perfluorinated compounds
are also been shown to increase VTG protein levels through direct interactions with estrogen
receptors (Benninghoff et al. 2011; Liu et al. 2007). Exposure of zebrafish to TDCPP resulted in
upregulation of thyroid related genes, such as tshβ (Wang et al. 2013). Perfluorinated compounds
have been shown to disrupt thyroid regulation by directly binding to the thyroid hormone
receptors (Ren et al. 2015). Taken together there seems to be upregulation of both estrogenic and
thyroid related genes through direct interaction of the corresponding receptors when exposed to
these halogenated compounds, similarly seen in our chemicals of interest, especially in PFOA
exposed females.
The low mortality of medaka to the zebrafish LC50 concentrations suggests that our
dosing was actually less than 1% of the actual medaka LC50. At these lower sub-lethal
concentrations, we still saw physiological abnormalities in the fish. A study depleting maternal
thyroid hormones displayed no differences in early development of medaka suggesting that the
results are not due to maternal effect in these fish (Tagawa and Hirano 1991). In addition to
medaka only having one swim bladder, as well as the ability to sex them at an early age, we
argue that they make a better model organism for studies investigating early endocrine disrupting
effects.
It is important to note the comparisons of the concentrations tested to environmentally
relevant concentrations of the chemicals. PFOA and PFBA were detected in New Jersey’s
drinking water at concentrations of 100 ng/L and 6 ng/L, respectively (Post et al. 2013). These
amounts are approximately 2.13 x 10-5 and 4.38 x 10-8 times lower than the concentrations tested
in this study. On the other hand, TDCPP was tested at a concentration that falls within a range
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that is found in the environment. TDCPP was detected in China waterways from 2.5 to 377 ng/L
and in Sweden it has been detected as high as 3 µg/L in sewage treatment effluents (Zhu et al.
2015).
4.6 Conclusions
Overall, our results support our initial hypothesis that females are more susceptible to
thyroid induced swim bladder dysfunction and that estrogenicity was a clear response in males.
Thus, when assessing the endocrine disrupting potential of various chemicals, it is important to
identify differences between sexes as males and females can exude different responses to the
same chemical, as seen in this study. It is critical to include these sex studies in the evaluation of
chemical safety. Furthermore, this work provides rationale that medaka are a better model when
assessing effects of endocrine disrupting chemicals during early development as they can be
sexed easily and nondestructively compared to other fish models.
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Figure 4.1: Standard length of female (A) and male (B) medaka. Fish were exposed to 3T(10
nM), MMI (30 nM) and the following chemicals at the respective 1% 96 h LC50-ZF value:
TDCPP, PFOA and PFBA. Values represent mean ± SEM. The following are the nvalues for the
females: control 14, T3 19, MMI 14, TDCPP 20, PFOA 9 and PFBA 22. The following are the n
values for the males: control 14, T3 15, MMI 20, TDCPP 15, PFOA 15 and PFBA 18. Significant
difference from the controls is indicated by an asterisk (p <0.05).
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Figure 4.2: Representative images of female and male Japanese medaka at 48 hours post hatch.
Arrows indicate the location of the swim bladder. Notice that there are no differences in the
males while the females’ exhibit enlarged swim bladders, especially after exposure to MMI and
PFOA while there is alack of swim bladder in the females exposed to 3T. Fish were exposed to
T3 (10 nM), MMI (30 nM) and the following chemicals at the respective 1% 96 h LC50-ZF value:
TDCPP, PFOA and PFBA.
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Figure 4.3: Percentage of female medaka that did not develop aswim bladder (A) and relative
swim bladder surface area of females (B) after 48 hours post hatch. Percentage of male medaka
that did not develop aswim bladder (C) and relative swim bladder surface area of males (D) after
48 hours post hatch. Fish were exposed to 3T(10 nM), MMI (30 nM) and the following
chemicals at the respective 1% 96 h LC50-ZF value: TDCPP, PFOA and PFBA. Values represent
mean ± SEM. The following are the nvalues for the females: control 14, T3 19, MMI 14, TDCPP
20, PFOA 9 and PFBA 22. The following are the n values for the males: control 14, T3 15, MMI
20, TDCPP 15, PFOA 15 and PFBA 18. Significant difference from the controls is indicated by
an asterisk (p < 0.05).
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Figure 4.4: mRNA expression of thyroid and estrogenic related genes in 48 hours post hatch
Japanese medaka females (A) and males (B). Genes analyzed were thyroid stimulating hormone
beta tshβ),
(
thyroid receptors alpha and beta trα,
( trβ), thyroid peroxidase tpo),
( surfactant
protein A (sp-a), surfactant protein B (sp-b) surfactant protein C (sp-c), estrogen receptors alpha
and beta esrα,
(
esrβ) and vitellogenin vtg).
( Fish were exposed to 3T(10 nM), MMI (30 nM) and
the following chemicals at the respective 1% 96 h LC50-ZF value: TDCPP, PFOA and PFBA.
Values represent mean ± SEM (n =6). Significant differences from the control group are
indicated by an asterisk (p <0.05).
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4.8 Supplemental data
Table S4.1: Chemical summary of all chemicals tested.
Name

CAS number

Methimazole (MMI)
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acid (PFOA)

335-67-1
F

F

Perfluorobutyric acid
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Table S4.2: Equations used to determine relative swim bladder surface area.
Sex

Equation

Males

y = 6.7386x – 19.981

Females

y = 5.7808x – 16.457
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Table S4.3: Primer sequences for tested genes. Reference gene used was β-actin.
Gene Name

Primer Sequence (5’-3’)

Primer Efficiency

β-actin

F: ACATTGCCGCACTGGTTGTTGA
R: TACGTAGCTGTCTTTCTGGCCCAT

109.1%

esrα

F: GCCTCAAAGCTATTATTTTACTCAACT
R: GATGTAATGAATGAGTGCGTCTG

108.7%

esrβ

F: TCCATTACTGTGCTGTGTGCCA
R: TCTTGCGCCGGTTCTTGTCTAT

96.8%

sp-a

F: TTCCCTTACATTTCCGCCAT
R: GTCAGCCTTCCTTTGGAGTA

106.1%

sp-b

F: TTCACTGGCCAAGCTTCAA
R: GGGAATGTTGAGGAGGAAGG

107%

sp-c

F: GTCGATATGAAGGTGGAGGAC
R: TCCAGTGGATGGGCAGAT

108.3%

tpo

F: GATTGGGGCCAGTACATTGA
R: AAAGGGCATGCAGAGAGAAT

102%

trα

F: TCTGAGCTGCCTTGTGAAGACC
R: CAGCGTCAATGTTTCGCTCTC

108%

trβ

F: TCAGTTCACCCGATGGAAACAA
R: GGCAGTTTTTTGGCAAAGTCC

101%

tshβ

F: CAACAGGATTGGATGGCAAA
R: TCGTCCTCGTCTTCCTCTCTTC

107%

vtg

F: TCCATGCTTGGCTTTGGCAGCA
R: TCCGGCATTGCCCAGGACTTTA

102.7%
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Figure S4.1: Percent mortality of Japanese medaka exposed for 96 hours to the zebrafish LC50
values of the respective chemicals: TDCPP, PFOA and PFBA. Each bar represents four
replicates of five animals. Values represent mean ± SEM (n =4).
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Figure S4.2: Medaka mRNA β-actin expression levels by sex. Fish were exposed to 3T(10 nM),
MMI (30 nM) and the following chemicals at 1% of their respective LC50 value: TDCPP, PFOA
and PFBA. Values represent mean ± SEM (n =6). Note that there are no significant differences
in expression levels across treatments.
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH NEEDS

5.1 Mixture Toxicity
We concluded that halogenated chemicals and their next generation counterparts acted
via concentration addition when in mixtures. This could be due to similarities in their structures.
Importantly, the next generation chemicals were less toxic, singly and in mixtures, than their old
use counterpart making them a suitable substitute for the current halogenated chemicals in
production. However, more studies need to be conducted to determine the mechanism(s) of
toxicity of the next generation replacements.
5.2 Endocrine Disrupting Chemicals
5.2.1 Thyroid Disruption
We concluded that the halogenated chemicals tested act as thyroid disruptors, as seen
through thyroid mediated swim bladder adverse development. Subchronic exposure of zebrafish
embryos to these chemicals caused deflation of posterior swim bladders, whereas chronic
exposure caused a lack of anterior swim bladder development in a large percentage (25-60%) of
the fish tested. Importantly, the next generation chemicals also exhibited thyroid disruption
characteristics, as seen by a deflated swim bladder at sublethal concentrations, suggesting that
they may not be the best alternative to the halogenated chemicals currently in production.
Additionally, we showed that surfactant gene expression, involved in swim bladder development,
was upregulated at the early larval stages of fish exposed to halogenated chemicals. It is likely
that the increased surfactant expression is a compensatory response to a deflated swim bladder.
This was confirmed in the chronic study when the posterior swim bladder inflated to comparable
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control levels while the anterior swim bladder was still not fully developed, coupled with
elevation of surfactant protein gene expression. More studies need to be conducted to confirm
this compensatory effect. Also, since the swim bladder is homologous to the mammalian lung
and surfactants are present in mammals, these chemicals could be contributing to respiratory
problems, suggesting that more work needs to be done to address the potential effect of these
chemicals on the mammalian lung via the surfactant system.
We further concluded that females are more susceptible to thyroid induced swim bladder
dysfunction after exposure to the halogenated chemicals of interest. Female medaka displayed
enlarged swim bladders coupled with increased gene expression of thyroid related genes after
exposure to halogenated and next generation chemicals. This effect was most prominent in
females exposed to PFOA. Conversely, males did not exhibit any abnormalities in swim bladder
inflation or any alterations in thyroid related gene expression after exposure to the chemicals.
The two fish models tested responded in different and almost opposite ways after
exposure to the chemicals of interest. Zebrafish experienced deflated posterior swim bladders
and delayed development of their anterior swim bladder after chemical exposure. Female
medaka, on the other hand, responded with a hyper-inflation of the swim bladder with no effects
observed in males. Zebrafish were exposed to 1% of their respective LC50 and our findings
confirmed previous studies which also reported a deflated swim bladder after exposure to
another halogenated chemicals, perfluorooctane sulphonate (PFOS), at 0.7-4.28 ppm in 6 days
post fertilization zebrafish. There is a lack of literature assessing effects of these chemicals on
medaka swim bladder inflation. Additionally, the tested exposure levels were found to be lower
than 1% of the LC50 as the medaka appear less sensitive than zebrafish. Due to medaka not being
affected by maternal thyroid hormone during early development, only having one swim bladder,
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as well as the ability to sex them at an early age we believe they make for a more suitable model
when assessing thyroid disruption.
5.2.2 Estrogen Disruption
We concluded that halogenated chemicals act as estrogenic disrupting chemicals.
Exposure of medaka to halogenated chemicals resulted in an upregulation of estrogenic genes in
both males and females. Vitellogenin (vtg) was upregulated in both sexes while estrogen receptor
β (esrβ) was only upregulated in males. More studies need to be conducted to evaluate the
mechanism of estrogen disruption.
Overall, this work suggests that medaka are a better model when assessing endocrine
disrupting sex specific effects. They only have one swim bladder, maternal thyroid hormone
does not influence early development, and they are able to be identified by sex prior to hatching.
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Purdue University – PhD Researcher
•

Graduate research with Dr. Maria Sepúlveda (August 2014 – Present)

•

Endocrine Disrupting Effects of Halogenated Chemicals on Fish

August 2013 – Present

o Halogenated chemicals, such as perfluorinated compounds and flame retardants, have
been shown to be endocrine disrupting chemicals, specifically effecting thyroid
function. My project assesses the mechanism by which these chemicals disrupt
thyroid function. This work seeks to study three well known hazardous chemicals
(TBBPA, TDCPP, and PFOA), both singly and in mixtures. Additionally, two “next
generation” chemicals (DOPO and PFBA) will be tested that have been proposed as
“safer” alternatives for use in commercial products. This project employs the use of
zebrafish and medaka embryos to assess early developmental toxicity as well as to
assess sex differences, respectively. This project is highly collaborative across
different institutions and disciplines.
•

Functioned as the project manager and lead researcher for multiple projects simultaneously.

•

Successfully delivered all technical aspects of research programs including experimental
design, implementation, execution, data management, deadlines and deliverables.

•

Developed scientific protocols to investigate thyroid disrupting effects of halogenated
chemicals on zebrafish.

•

Utilized mathematical models and zebrafish assays to reveal the toxic effects of halogenated
chemical mixtures.

•

Analyzed trends of sex differences in medaka to discover estrogenic thyroid interactions and
dysfunction.

•

Collaborated with a cross functional team of engineers on evaluating the risks of polymers on
various organisms.

•

Optimized scientific methodology and protocols to enhance overall laboratory efficiency.

•

Supervised and mentored a team of undergraduate research assistants on multiple projects.

•

Prepared and presented bi-weekly project updates which included technical updates, schedule
updates and risk mitigation.
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•
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PULSe rotation student (August 2013 – August 2014)
o Rotated in 4 different labs gaining experience in fields of molecular biology,
neurobiology, cancer biology, and pharmaceutical research.
• Software skills: Microsoft Office Suite, SPSS Statistics, GraphPad Prism, cellSens, NCBI

Blast, Ingenuity Pathway Analysis
•

Laboratory techniques: toxicity assays, fish husbandry, cell culture, qPCR, RNA extraction,
microscopy

Butler University – Undergraduate Researcher

January 2010 - May 2013

•

Undergraduate research with Dr. Jennifer Kowalski

•

Investigation of the relationship between the Anaphase Promoting Complex and the FSHR-1
protein in regulating synaptic transmission at the C. elegans neuromuscular junction.
o Neuronal communication occurs at specialized cellular junctions called synapses and
is referred to as synaptic transmission. The amount of transmission occurring at each
synapse is tightly regulated, and misregulation of synaptic transmission occurs in
neurological diseases such as Parkinson’s or epilepsy. My project investigated the
function of FSHR-1 as a potential substrate of the Anaphase Promoting Complex, an
ubiquitin ligase that regulates synaptic transmission at the C. elegans neuromuscular
junction. My goal was to uncover the mechanism by which FSHR-1 and the APC
regulate synaptic transmission. I was determining the role of FSHR-1 by using
genetic, behavioral, and biochemical approaches in C. elegans roundworms. As part
of work in the lab, I participated in the following programs; this work included the
academic year and summer work.

•

Executed multiple projects simultaneously which included experimental setup, data analyses
and communication of results in an oral and written manner.

•

Developed effective technical proposal documents used for acquiring funding to support my
research project.

•

Obtained experience in various molecular laboratory techniques such as bacterial
transformations, PCR, plasmid construction and gel electrophoresis.
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•

Researched entire undergraduate career, including summers, through various scholarship
programs.

•

Honors Thesis
o Completed a thesis over my project which I had proposed during my sophomore year.

•

Molecular Biology Faculty-Student Journal Club (Summer 2010-Summer 2012)
o This club discusses different research articles and works in progress from different
lab’s research. I have presented different neurobiology papers.

•

Indianapolis Area Worm Meeting participant and speaker
o Labs from around the greater Indianapolis area who are all working with C. elegans
meet to discuss current research statuses. I have presented my work at the February
2012 meeting.

•

Butler Summer Institute Participant (Summer 2011)
o This program was for a select number of students to research individual projects over
a 10 week period. To be selected I wrote a research proposal, and at the end of the
program I gave an oral presentation of my work.

•

Brain Gain Program (Summer 2010)
o This program allowed me to grow professionally as I was able to spend the summer
researching full time.

International Experience
India
•

Participated in collaborative educational experiences learning about the life cycles of
electronics.

•

Observed firsthand the implications of our research and how it relates to the electronics life
cycle.

•

Provided investigative feedback to visited industries leading to potential process
improvements.

•

India was a culturally enriching experience and an amazing opportunity to learn more about
the life cycle of electronics. Along with a group of engineers, we were able to see firsthand
the entire life cycle of electronics, from manufacturing to disposal, allowing us to see where
our research fits into the process. It allowed us to see our research in a real life application
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ideas for further projects.

Teaching Experience
•

Teaching assistant for World Forests and Society (Fall 2016)

•

Teaching assistant for general biology lab (Fall 2010)

•

Provided mentorship to numerous students on projects and techniques.

•

Mentored a high school student on a biology course project.

•

Mentored a high school teacher as a part of the NSF RET program.

Publications
•

Godfrey, A., A. Abdel-moneim and M. S. Sepúlveda. (2017) Acute mixture toxicity of
halogenated chemicals and their next generation counterparts on zebrafish embryos.
Chemosphere 181(2017):710-712.

•

Godfrey, A., B. Hooser, A. Abdel-moneim, K. A. Horzmann, J. L. Freeman and M. S.
Sepúlveda. (2017) Thyroid disrupting effects of halogenated and next generation chemicals
on the swim bladder development of zebrafish. Aquatic Toxicology 193(2017):228-235.

•

Godfrey, A., B. Hooser, A. Abdel-moneim and M. S. Sepúlveda. (2017) Sex specific
endocrine disrupting effects of halogenated chemicals in Japanese medaka. Toxicological
Sciences (under review).

•

Coulter, D., A. Godfrey, J. Garvey, M. J. Lydy and M. S. Sepúlveda. (2017) The effects of
polychlorinated biphenyls (PCBs) on the reproductive behavior of fathead minnows.
Environmental Science and Technology (in preparation).

•

Mendis, G. P., A. Godfrey, M. Salehi, M. S. Sepúlveda, A. J. Whelton, J. P. Youngblood and
J. A. Howarter. (2017) Materials selection for environmentally benign polymers: a review of
toxicity and risk of polymer disintegration in the environment. Critical Reviews in
Environmental Science and Technology (in preparation).

•

Thompson, K., Y. Gao, A. Godfrey, C. Mahapatra, M. S. Sepúlveda and J. L. Freeman.
(2017) Assessing the toxic mechanisms and effects of perfluorinated compounds (PFOA,
PFHxA, PFBA and PFBSK) on zebrafish embryos. Toxicological Sciences (in preparation).

108
Presentations
•

Society of Environmental Toxicology and Chemistry. Minneapolis, MN. November 2017.
o Godfrey, A., B. Hooser, A. Abdel-moneim, and M. S. Sepúlveda. Halogenated
Chemicals Affect Thyroid and Estrogenic Signaling in Japanese Medaka. Oral
Presentation.

•

Society of Environmental Toxicology and Chemistry. Minneapolis, MN. November 2017.
o Godfrey, A., B. Hooser, A. Abdel-moneim, and M. S. Sepúlveda. Thyroid Disrupting
Effects of Halogenated and Next Generation Chemicals on Developing Fish. Poster
Presentation.

•

Butler Biology Seminar. Indianapolis, IN. September 2017.
o Godfrey, A. and M. S. Sepúlveda. Gone fishin’: A research journey from worm
brains to fish hormones, environmental toxins & beyond. Oral Presentation.

•

Emerging Contaminants in the Aquatic Environment Conference. Champaign, IL. May 2017.
o Godfrey, A., B. Hooser, A. Abdel-moneim, and M. Sepúlveda. Thyroid Disrupting
Effects of Halogenated and Next Generation Chemicals on Developing Fish. Poster
Presentation.

•

Forestry and Natural Resources Research Symposium. West Lafayette, IN. April 2017.
o Godfrey, Amy, B. Hooser, A. Abdel-moneim, and M. Sepúlveda. Thyroid Disrupting
Effects of Halogenated and Next Generation Chemicals on Developing Fish. Poster
Presentation. Awarded Second Place.

•

Aquatics Seminar. West Lafayette, IN. February 2017.
o Godfrey, A. and M. S. Sepúlveda. Toxicity and Thyroid Disrupting Effects of
Halogenated and Next Generation Chemicals on the Early Development of Aquatic
Organisms. Oral Presentation.

•

PULSe 5 Minute Thesis Competition. West Lafayette, IN. February 2017.
o Godfrey, A., A. Abdel-moneim, and M. S. Sepúlveda. Toxicity and Thyroid
Disrupting Effects of Halogenated and Next Generation Chemicals on the Early
Development of Aquatic Organisms. Oral Presentation. Awarded Second Place.
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•

Society of Environmental Toxicology and Chemistry, World Congress. Orlando, FL.
November 2016.
o Godfrey, A., A. Abdel-moneim, and M. Sepúlveda. Toxicity and Thyroid Disrupting
Effects of Halogenated Mixtures on Zebrafish Embryos. Poster Presentation.

•

Forestry and Natural Resources Research Symposium. West Lafayette, IN. April 2016.
o Godfrey, A., A. Abdel-moneim, and M. Sepúlveda. The Effects of Halogenated
Mixtures on Zebrafish Thyroid Function. Poster Presentation.

•

Next Generation Scholars Research Fair. West Lafayette, IN. November 2015.
o Godfrey, A. and M. Sepúlveda. A Greener World: Assessing the Toxicity of
Chemicals. Poster Presentation.

•

PULSe Spring Awards Reception. West Lafayette, IN. April 2014.
o Wasilk, A. and W. Liu. Creating an All-in-One –omics Extraction Protocol. Poster
Presentation.

•

American Society for Cell Biology National Conference. San Francisco, CA. December
2012.
o Wasilk, A. and J. R. Kowalski. Investigation of the relationship between the
Anaphase Promoting Complex and the FSHR-1 protein in regulating synaptic
transmission at the C. elegans neuromuscular junction. Poster Presentation.

•

Undergraduate Research Conference. Indianapolis, IN. April 2012.
o Wasilk, A. and J. R. Kowalski. Investigation of the relationship between the
Anaphase Promoting Complex and the FSHR-1 protein in regulating synaptic
transmission at the C. elegans neuromuscular junction. Oral Presentation.

•

Indianapolis Worm Meeting. Indianapolis, IN. February 2012.
o Wasilk, A. and J. R. Kowalski. Investigation of the relationship between the
Anaphase Promoting Complex and the FSHR-1 protein in regulating synaptic
transmission at the C. elegans neuromuscular junction. Oral Presentation.

•

Butler Summer Institute. Indianapolis, IN. July 2011.
o Wasilk, A. and J. R. Kowalski. Investigation of the relationship between the
Anaphase Promoting Complex and the FSHR-1 protein in regulating synaptic
transmission at the C. elegans neuromuscular junction. Oral Presentation.
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Work Experience
•

Butler University: Information Commons Associate

August 2011-May 2013

o Assisted students and faculty with different software applications and questions.
o Oversaw a team of peers and managed team workload and deliverables.
o Organized and ran training sessions where I taught classes how to use specific
technology programs.
o Taught classes on wellness and time management.
o Software skills: Blackboard, Panopto, Moodle, social media platforms, LinkedIn
•

Butler University: Biology Lab Technician

Fall 2010

o Helped set up the general biology labs.
•

Butler University: C-Club cashier

•

Walgreens: customer service representative, cashier, beauty advisor

August 2009-May 2010
2007-2009

Extracurricular Activities
•

Member of the Society of Environmental Toxicology and Chemistry (Spring 2016-Present)

•

Forestry and Natural Resources Sustainability Committee (Fall 2015-Present)

•

Hazard Management Committee (Fall 2015-Present)

•

Association for Women in Science (Spring 2014-Present)

•

WISP: Women in Science at Purdue (Fall 2013-Present)

•

Purdue University Science in Schools (Fall 2013-Fall 2014)

•

Member of the American Society of Cell Biology (Fall 2012-Summer 2013)

•

Student Honors Council: Service Chair and Honors Mentor (Fall 2011-Spring 2013)

•

WISE: Women in Science and Engineering (Spring 2010-Spring 2013)

•

Biology Club (Fall 2009-Spring 2013)

•

National Society for Collegiate Scholars (Winter 2010-Present)

•

Alpha Lambda Delta Honor Society (Winter 2010-Present)

•

Phi Eta Sigma National Honor Society (Winter 2010-Present)

•

Pi Beta Phi Sorority: Event Planning Assistant (Winter 2010-Jan 2012)

•

Pre-Health Society (Fall 2009-Spring 2011)

•

Butler University Marching Band (Fall 2009)

